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THE PAPILIONACEOUS ALKALOIDS 
XIII. IDENTITY OF OCTALUPINE WITH HYDROXYLUPANINE!” 


By L&Eo MARION AND BRYCE DouUGLAs?® 


Abstract 


Octalupine has been shown to be identical with hydroxylupanine by means of 
a comparison of the physical properties of the bases and corresponding deriva- 
tives and also by a direct comparison of the infrared absorption spectra of both 
alkaloids. 


The alkaloid octalupine occurs in Lupinus sericeus var. flexuosus C. P. 
Smith (1). It is described by Couch as a hygroscopic base, m.p. 167 .5—-169.5°, 
which forms a dihydrochloride, a monohydrochloride, an aurichloride, and a 
methiodide (1). On electrolytic reduction in sulphuric acid, octalupine gives 
rise to a mixture of bases assumed to consist of d-lupanine and /-sparteine. 
On the basis of these results Couch (1) suggested that octalupine was a 2,10- 
diketosparteine, I(a@). It seemed of interest to undertake a further exami- 
nation of the structure of the base. 











5 7 17 16 15 
4 VY f a 
| CH: 
3 N ‘ -J lis 
Yes 
2 10| 9 12 Z 
x y 
iwmrte: & =O. 2= 
(6) X =H; Y=H; Z =OH 
@AaA=O0: =F. 2 =08 


Dr. J. F. Couch kindly provided us with a generous sample of octalupine 
for this work. When sublimed and recrystallized from dry acetone, the base 
was anhydrous and melted at 169-170°, but from aqueous acetone it separated 
as a hydrate melting at 76-77°. Analysis suggested the empirical formula 
CisH2O2N2 and not CisH2O2Ne as, previously assigned (1). The infrared 
absorption spectrum of octalupine taken in chloroform solution with a calcium 
fluoride prism showed an absorption band at 3607 cm.~'! indicative of the 

1 Manuscript received A pril 30, 1951. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 2489. 


2 The paper published by L. Marion and N. J. Leonard. Can. J. Chem. 29: 335. 1951 is 
considered as Part XII of this series. 
3 National Research Council of Canada Postdoctorate Fellow. 
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presence of a hydroxyl group, and a band at 1625 cm.~! in the carbonyl 
absorption region. The latter band was at the same wave number as that 
occurring in the spectrum of d-lupanine indicating that the carbonyl group of 
octalupine is probably lactamic and part of an a-piperidone ring. The cata- 
lytic hydrogenation of octalupine in 2N hydrochloric acid over Adams’ 
catalyst reduced the lactamic oxygen and gave rise to a hydroxy compound, 
the infrared spectrum of which still showed the presence of a hydroxyl group, 
but no longer contained the carbonyl band. The analytical figures, melting 
point, and optical rotation of this compound were identical with those reported 
for hydroxysparteine, I(b) (CisH2sON2), obtained in a similar way from 
hydroxylupanine I(c), by Galinovsky and Péhm (2). 


A comparison was made of the properties of octalupine, its hydrate, methi- 
odide, and benzoy! derivative with the properties of the corresponding deriva- 
tives of hydroxylupanine. The close agreement obtained strongly suggested 
the identity of the two bases. 

Dr. F. Galinovsky and Dr. V. Deulofeu kindly supplied us with authentic 
samples of hydroxylupanine. On admixture of these samples with octalupine 
there was no depression in the melting point. One of the samples (Galinovsky) 
was sublimed and recrystallized and its infrared absorption spectrum determined 
in carbon disulphide solution using a rock-salt prism. This spectrum was 
compared with that of octalupine taken under similar conditions and found 
to be exactly superposable (Fig. 1). Octalupine, therefore, is identical with 
hydroxylupanine I(c). 
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Fic. 1. Infrared spectra measured on Perkin-Elmer 12B single beam spectrometer with sodi- 
um chloride prism. The alkaloids were in Nujol Mulls. 


Experimental‘ 
Octalu pine 
The free base was isolated from a crude extract of Lupinus sericeus var. 
flexuosus C. P. Smith, supplied by Dr. J. F. Couch, by the method previously 


‘All melting points are corrected, unless otherwise stated. 
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described (1). The alkaloid was sublimed and recrystallized from dry acetone 
to yield thin colorless plates, m.p. 169-170°. Admixture with the free base 
supplied by Dr. Couch showed. no depression. [a] = +45.6 + 1.5° (c, 
1.49, ethanol); + 65.1 +1° (c, 1.09, water) Calcd. for CisH2O.Ne: C, 68.68; 
H, 8.45; N, 10.68. CysHoO.Ne2: C, 68.15; H, 9.15; N, 10.60. Found: C, 
67.86; 68.20; H, 9.03; 8.92; N, 10.63, 10.60%. Hydroxylupanine (Gali- 
novsky and Péhm) has m.p. 173-174°, [a]p’ = +64.1° (c = 3.59, water). 


Octalupine Hydrate 


Octalupine (m.p. 169-170°) was recrystallized from a small volume of 10% 
aqueous acetone to yield clear prisms m.p. 76°. This melting point was 
observed by inserting the specimen in the apparatus at 73-74°. The melt 
resolidified immediately and remelted at 169-170°. 


Octalupine hydrate is unstable and readily loses water, as shown by the 
analytical results. Calcd. for CisHaO2Ne2.H2O: C, 63.8; H, 9.28. CisHayO.Ne. 
1} H.O: c. 62.8; i, 9.0. CisHa»O2N2.2H.O: oF 60.0; H, 9.39. Found: 
C, 62.39; H, 8.84%. According to the literature (2) hydroxylupanine di- 
hydrate melts at 76°. 


Octalupine Methiodide 


Octalupine, dissolved in acetone, was treated with an excess of methyl 
iodide and allowed to stand at room temperature for one hour and finally in 
the refrigerator for one further hour. The deposited crystalline solid was 
collected and washed with acetone to give a crystalline product m.p. 236—-243°. 
Recrystallization three times from methanol—ether gave small needles m.p. 
254-255°. Calcd. for C,sH»O2N2.CH 31: oF 47 .30; i. 6. 70; N, 6.90. Found: 
C, 47.61, 47.04; H, 6.76, 6.93; N, 6.88, 7.04%. The reported melting point 
of hydroxylupanine methiodide is 258-259° (2). 


Benzoyloctalupine 


Octalupine (50 mgm.), pyridine (0.5 cc.), and benzoylchloride (0.1 cc.) 
were heated together in a sealed tube at 100° for.four hours. The reaction 
mixture was diluted with chloroform (20 cc.) and extracted with 5N hydro- 
chloric acid. The acid solution was made alkaline with sodium hydroxide 
solution and exhaustively extracted with chloroform. The dried (sodium 
sulphate) chloroform extract was concentrated under vacuum to yield an oil 
which solidified (71 mgm.). Recrystallization from acetone yielded needles 
which were sublimed (170°/10~* mm.) to give a small initial fraction m.p. 
112-113° and a main fraction m.p. 190-197°. Recrystallization of the main 
fraction yielded hard clear prismatic needles m.p. 199-200°. The specimen 
for analysis was dried at 80° under vacuum over phosphorus pentoxide for six 
hours. Calcd. for Co2Hos03Ne: c; 71 aa H, 7.66. Found: Cc. 71.88, 71.96; 
H, 7.41, 7.62%. The literature (2) records m.p. 202-203° for benzoyl- 
hydroxylupanine. 
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Hydrogenation of Octalupine 

Octalupine (140 mgm.) dissolved in 2N hydrochloric acid (10 cc.) was 
treated with hydrogen at 24° and atmospheric pressure in the presence of 
Adams’ platinum oxide catalyst (100 mgm.). The theoretical volume for 
two moles of hydrogen was taken up in 27 hr. The catalyst was removed by 
filtration, the solution made alkaline with sodium hydroxide solution and 
extracted exhaustively with ether. The dried extract (sodium sulphate) was 
concentrated to yield a white solid (97 mgm.) m.p. 146-148°. Recrystal- 
lization three times from ether yielded short colorless needles, m.p. 150—-151°. 
la]jp = —24.3° + 0.9 (c, 1.11, ethanol). Calcd. for CysH2gONe: C, 71.95; 
H, 10.47; N, 11.20. Found: C, 72.05, 72.33; H, 10.16, 10.34; N, 11.20%. 
Hydroxysparteine prepared by Galinovsky and Péhm has m.p. 154—-155° and 
[a] = —25.4° (c, 5.43, ethanol). 
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STUDIES ON RDX AND RELATED COMPOUNDS 


V. THE EFFECT OF DELAYED ADDITION OF AMMONIUM NITRATE, 
AND THE RATE OF DISAPPEARANCE OF HEXAMINE, IN 
THE BACHMANN REACTION! 


By A. O. Ravpnu, J. G. MACHUuTCHIN, AND C. A. WINKLER 


Abstract 


Ammonium nitrate can be withheld from the Bachmann reaction at 35°C. 
for several hours without reducing the yield of RDX below approximately 50% 
of the normal value for the given amount of ammonium nitrate added. The 
rates of formation of RDX, on the addition of ammonium nitrate from 15 min. to 
five hours after the reaction has started in its absence, are approximately the same 
and are approximately one-half that when ammonium nitrate is present initially. 
A low temperature analysis for hexamine in the Bachmann mixture, by precipi- 
tating hexamine as the styphnate, indicates that hexamine disappears from the 
reaction mixture within five seconds at 35°C., either in the presence or absence 
of ammonium nitrate. 


Introduction 


Data presented in a previous paper (4) indicated that certain minimum 
concentrations of ammonium nitrate were necessary for maximum yields of 
RDX in the nitrolysis of hexamine by the Bachmann reaction (1). It there- 
fore became of interest to determine the effect of delaying the addition of 
ammonium nitrate to such reaction mixtures, in an effort to obtain, if possible, 
information on the part played by ammonium nitrate during the nitrolysis. 
This study in turn emphasized the importance of getting at least a rough 
estimate of the rate of disappearance of hexamine in the reaction mixture. 
The present paper describes the results obtained in the two investigations. 


The Effect of Delayed Addition of Ammonium Nitrate on the Rate of Formation 
and Yield of Total Solids and RDX 

The reactions were allowed to take place in glass stoppered Erlenmeyer 
flasks, shaken in a thermostat at 35 + 0.05°C. 


Experiments were first made to determine the effect on the yield of RDX 
of adding various amounts of ammonium nitrate at definite time intervals 
after the reaction had been started in its absence. Reaction was allowed to 
proceed for an additional three hours at 35°C. following addition of the 
nitrate, at the end of which time the RDX yield was determined by diluting 
the reaction mixture with an equal volume of water, boiling it for one hour, 
diluting it further to 250 cc., and allowing the RDX to crystallize over night. 
The product was filtered, dried for three hours at 95°C., and weighed. 


The sequence and quantities of reagents used were: 
1. Acetic anhydride, 0.24 mole. 


2. Nitric acid, 0.05 mole. 
3. Hexamine, 0.008 mole in acetic acid, 0.32 mole. 
4. Ammonium nitrate, 0.003, 0.006, 0.012, and 0.024 mole. 


1 Manuscript received May 18, 19651. 
Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, 
Que., with financial assistance from the National Research Council of Canada. 
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The results with 0.024 mole ammonium nitrate, shown in Table I, are quite 
typical ofjthe behavior observed in all the experiments except that the yields 
of RDX obtained were less at the lower ammonium nitrate levels. 


TABLE I 


EFFECT ON THE YIELD OF RDX OF WITHHOLDING THE ADDITION 
OF AMMONIUM NITRATE 








Time before addition of 0.024 mole 
ammonium nitrate, min. 


RDX yield, mgm. 





| 
0 | 1198 
5 | 931 
10 | 863 
20 840 
30 | 870 
42 | 792 
120 | 762 
180 | 787 
300 | 570 


| 
| 





Experiments were then made to determine the effect on rate of production 
of total solids and of RDX when ammonium nitrate was withheld from the 
reaction for various periods of time. Total solids were estimated by diluting 
a portion of reaction mixture, after which the precipitated solids were filtered 
off, dried for 24 hr. at 95°C., and weighed. The amount of RDX produced 
was determined by dilution of a second portion of the reaction mixture. 
After the diluted mixture had been boiled for one hour, it was allowed to 
stand over night, when the RDX was filtered off, dried, and weighed. The 
difference between the weight of total solids and the weight of RDX at any 
time should correspond approximately to the amount of BSX formed (1). 


The quantities and sequence of addition of the reagents in the rate experi- 
ments were the same as in the previous yield experiments, except that a given 
quantity (0.024 mole) of ammonium nitrate was used. The experimental 
results are shown in Table II. 


Examination of the data in Table I reveals immediately that the yield of 
RDX when ammonium nitrate is withheld for as long as five hours may re- 
main as much as 50% of the yield obtained when ammonium nitrate is added 
initially. It is also readily seen from Table II that if the addition of am- 
monium nitrate is delayed for 15 min. (or less) the rate of production of RDX 
is reduced to approximately one-half the rate when the nitrate is added 
initially. However, withholding the ammonium nitrate for as much as five 
hours apparently caused no further reduction in rate. 


The results of these studies indicated either that some hexamine persisted 
in the system for prolonged periods under the experimental conditions, or that . 
“fragments” or intermediates of moderate stability were formed, which could 
be converted to RDX in the presence of ammonium nitrate. A rough estimate 
of the rate of disappearance of hexamine from such systems was therefore 


_ sought. 
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TABLE II 


EFFECT ON RATE OF FORMATION AND YIELD OF RDX AND TOTAL SOLIDS OF 
WITHHOLDING THE ADDITION OF AMMONIUM NITRATE 








Time of reaction after | Yield, mgm. 
addition of ammonium 
nitrate, min. | RDX 


| 


A. Ammonium nitrate not withheld 


| 
| 





Total solids 








20 288 538 
40 | 609 796 
60 | 668 1276 
120 953 1843 


180 1078 | 2095 





B. Ammonium nitrate withheld 15 min. 
































| 
20 140 453(366) 
40 345 860(795) 
60 547 1157(1084) 
120 725 1666(1652) 
180 795 1518 
C. Ammonium nitrate withheld 45 min, 
| 
20 179,176 | 675(680) 
40 304 | 1013(729) 
60 480 | 1342(1301) 
120 679 1804(1882) 
180 800 | 2059(2103) 
D. Ammonium nitrate withheld for 90 min. 
20 | 142 933(779) 
40 | 296 1200 
60 422 1320(1420) 
120 721 1850(1950) 
180 743 2040(1982) _ 
E. Ammonium nitrate withheld 300 min. 
| 
20 140 — 
40 | 350 —_— 
Rate of Disappearance of Hexamine . 


Estimation of the hexamine content of a reaction mixture was based on the 
observation that hexamine may be precipitated under suitable conditions as 
a styphnate (3). 


Sty phnic acid was prepared according to Beilstein (2), and used in ethanol 
solution. Precipitation of hexamine as the styphnate was found to be 98% 
complete from glacial acetic acid solution, assuming 1: 1 molar ratio of hexa- 
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mine and styphnic acid in the complex. Difficulty was experienced, however, 
in adapting the method to estimation of hexamine in the presence of both 
nitric acid and acetic anhydride. It was finally found possible to obtain 
satisfactory precipitation at sufficiently low temperatures, and the following 
procedure was adopted to determine the rate of disappearance of hexamine in 
the Bachmann mixture containing no ammonium nitrate. 


To acetic anhydride (11.25 ml.), cooled to the desired low temperature, was 
added nitric acid (1.0 ml.), followed by the hexamine-—acetic acid solution 
(9.50 ml. AcOH containing 0.58 gm. hexamine) at 14°C. The reaction was 
allowed to proceed at the mixture temperature for various periods of time, 
after which was added the styphnic acid solution (20.0 ml. ethanol containing 
1.18 gm. styphnic acid), mixed with an equal volume of water and previously 
cooled to 0°C. The temperature of the system was then dropped to about 
—60°C., maintained there for one-half hour, and finally raised to O°C., at 
which temperature the solution was filtered after a five minute period. 


The rate of disappearance of hexamine in Bachmann type systems, without 
ammonium nitrate present, was measured for HNO;-Ac,O solution tempera- 
tures of —55°C., —30°C., and —15°C. with the results shown in Table III. 


The weights of hexamine styphnate recorded are corrected for the appreci- 
able solubility of the styphnate in the reaction mixture at 0°C., the temperature 
of filtration. Since the solubility of the styphnate in the mixture varied with 
the amount of styphnic acid present in solution, it was necessary to determine 
the magnitude of the correction appropriate to the calculated amount of un- 
used styphnic acid in each mixture. The correction was only approximate, 
but sufficiently good for the purposé at hand. 


Obviously, the very short reaction times and the technical difficulties of the 
procedure precluded more than a rough estimate of the rates of hexamine 
disappearance. Lack of accuracy in making the measurements was, fortu- 
nately, of no real consequence as far as the main point at issue was concerned. 
The data are adequate to demonstrate the very rapid disappearance of hexa- 
mine in the systems studied. 


The rate of disappearance of hexamine was also examined in the absence 
and presence of ammonium nitrate at 35°C. Ammonium nitrate (0.98 gm.) 
was added to the nitric acid — acetic anhydride mixture at 35°C., five minutes 
before the addition of the hexamine — acetic acid solution, also at 35°C. For the 
short periods studied the reaction occurred essentially at 35°C. The reaction 
was stopped by adding the usual amount of styphnic acid — ethanol — water 
solution at 0°C., after which the mixture was cooled to —60°C., and treated 
as described previously. After two seconds reaction time, the amount of 
hexamine styphnate obtained was 0.2 gm. (average of four determinations) 
instead of 1.6 gm. to be expected had no reaction occurred. When the re- 
action time was extended to five seconds, a minute trace only of precipitate 
was obtained. In the absence of ammonium nitrate at 35°C., 0.25 gm. hexa- 
mine styphnate (average of four determinations) was obtained after a two 
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TABLE III 


RATE OF DISAPPEARANCE OF HEXAMINE IN BACHMANN TYPE REACTION 
MIXTURES IN THE ABSENCE OF AMMONIUM NITRATE 














Time of reaction, sec. Weight hexamine styphnate, gm. 
A. Nitric acid — acetic anhydride at —55°C. (mixture temp. approx. — 20°C.) 

0.0 1.61 

2.0 1.23 

1.8 1.16 

15.0 0.98 

22.0 0.95 

30.0 0. 87 

40.0 0.81 

60.0 0.83 

90.0 0.48 

110.0 0.43 

120.0 0.21 

160.0 0. 20 

180.0 0.17 








B. Nitric acid — acetic anhydride at —30°C. (mixture temp. approx. —8°C.) 





0.0 1.61 
2.0 1.07 
5.0 0.98 
10.0 0.80 
20.0 0.57 
40.0 0. 43 
60.0 0.47 
80.0 0.35. 
90.0 0.28 
120.0 0.11 
140.0 0.02 





C. Nitric acid — acetic anhydride at —15°C. (mixture temp. approx. 0°C.) 





0.0 1.61 
2.0 0.50 
5.0 0.44 
7.5 0.32 
10.0 0.17 
12.5 0. 36 
15.0 0.22 
17.5 0.15 
20.0 0.32 
22.5 0.24 
25.0 0.29 








second reaction time. The very rapid rate of hexamine disappearance in 
Bachmann mixtures, together with the results for the effect of delayed addition 
of ammonium nitrate on the yield and initial rate of formation of RDX, leave 
little doubt that in the Bachmann reaction one molecule of RDX is obtained 
by nitrolysis of hexamine introduced originally, and a second molecule from 
a resynthesis of fragments in the presence of ammonium nitrate. 
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STUDIES ON RDX AND RELATED COMPOUNDS 


VI. THE HOMOGENEOUS HYDROLYSIS OF CYCLOTRIMETHYLENETRI- 
NITRAMINE (RDX) AND CYCLOTETRAMETHYLENETETRANITRAMINE 
(HMX) IN AQUEOUS ACETONE, AND ITS APPLICATION TO 
ANALYSIS OF HMX IN RDX(B)! 


By S. EpstEIN AND C. A. WINKLER 


Abstract 


Measurements of the rates of alkaline hydrolysis of cyclotrimethylenetrini- 
tramine (RDX) and cyclotetramethylenetetranitramine (HMX) in aqueous 
acetone show these two reactions to involve consecutive steps, the first of 
which is second order and rate controlling. Activation energies were estimated 
as 14 and 25 kcal. respectively. By establishing calibration curves, and con- 
trolling temperature, alkali concentration relative to concentration of explosive, 
and reaction time, the differential hydrolysis permits analysis of the HMX 
content of RDX(B) with an error of approximately +0.2% HMX. 


The present paper presents the results of a study on the alkaline hydrolysis 
of cyclotrimethylenetrinitramine (RDX) and cyclotetramethylenetetranitra- 
mine (HMX) in homogeneous systems. On the basis of the data obtained, 
a Satisfactory method for determining the HMX content of RDX has been 
established. 


Experimental and Results 
(a) The Hydrolysis of Pure RDX and HMX 


The RDX* and HMX were dissolved in acetone to which was added an 
appropriate amount of aqueous sodium hydroxide solution. The relative 
proportions of the solutions were chosen to prevent precipitation of the solids 
and the alkali solution was always below approximately 0.6 N to ensure its 
miscibility with acetone. 

Accurately weighed samples of RDX and HMX contained in 250 ml. 
Erlenmeyer flasks were dissolved in the required amounts of acetone and 
placed in the thermostats. These consisted of a well stirred ice bath for 
experiments at 0°C., melting acetic acid for experiments at 15.5°(+0.2°C.), 
and an ordinary regulated water bath for experiments at 27°C.(+0.05°C.). 
The sodium hydroxide solutions were brought to thermostat temperatures 
before being added to the RDX or HMX solutions. The reaction was stopped 
at different intervals of time by adding sufficient glacial acetic acid to neutralize 
the alkali present. The acetone was distilled off until the volume of liquid 
was reduced to about one-fifth its original value and the resulting mixture 
diluted slightly with water, cooled, and permitted to stand for about an hour 
to precipitate RDX and HMX. The resulting precipitate was filtered, 
washed, dried, and weighed, 

1 Manuscript received May 22, 1951. 
Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, 
Que., with financial assistance from the National Research Council of Canada. 


* The product from the direct nitrolysis of hexamine, containing insignificant amounts of 
HMX. 
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The reactions with HMX were slow and amounts reacted in the reaction 
times used were small enough that its solubility would have introduced a 
relatively large error. Therefore a correction factor experimentally evaluated 
as about 10 mgm. was applied. 


The data indicated that RDX consumed approximately three moles and 
HMX four moles of sodium hydroxide per mole of explosive hydrolyzed. The 
initial rates of both reactions, however, were well represented by the second 
order expression 


da [RDX] 
— = [Na tOH] or 
dt (HMX] 


for the range of concentration investigated. These second order constants 
are recorded in Tables | and II. Apparently the complete hydrolysis of RDX 
or HMX occurs by a series of consecutive reactions, probably the first of 
which is second order and rate controlling. 


Measurements with RDX at 27°C. were ignored in estimating the tempera- 
ture coefficient, since at this temperature the reaction is much too fast to 
permit satisfactory estimates of the initial rates. 


TABLE I 


RATE CONSTANTS FOR HYDROLYSIS OF RDX IN AQUEOUS — 
ACETONE — SODIUM HYDROXIDE SOLUTIONS 








Concentration in moles per liter | 











Temp., °C. | |k(liter-moles~! min.~) 
| RDX NaOH | 
00 | 0.010 | 0.0280 | 5.1 
0.0 | 0.010 | 0.0145 5.1 
0.0 | 0.005 | 0.0145 | 5.1 
15.50 | 0.010 ; 0.0280 21.7 
15.5 | 0.010 | e045 | 21.8 
15.5 | 0.005 | 0.0145 | 21.8 
| 
TABLE II 


RATE CONSTANTS FOR HYDROLYSIS OF HMX IN AQUEOUS — 
ACETONE — SODIUM HYDROXIDE SOLUTIONS 








| Concentration in moles per liter | 
| 








Temp., °C. | | k(liter-moles~ min.) 
HMX | NaOH | 
0.0 | 0.00645 | 0. 116 0.0074 
0.0 | 0.00645 | 0.058 | 0.0081 
15.5 | 0.00645 | 0.116 0.065 
15.5 | 0.00645 | 0.058 | 0.064 
15.5 | 0.00322 | 0.058 | 0.064 
27.0 | 0.00645 | 0. 116 0. 46 
27.0 | 0.00645 0.058 0. 46 
27.0 | 0.00322 | 0.058 0.50 
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The activation energies for the hydrolysis of RDX and HMX, estimated 
from mean k values, were found to be approximately 14 kcal. per mole and 
25 kcal. per mole respectively. The data are not sufficiently extensive to 
permit a closer evaluation. 


(b) A Method for Determining Percentage HMX in RDX from the Bachmann 
Reaction 

The large difference in the rates of hydrolysis of RDX and HMX in acetone - 
aqueous sodium hydroxide solutions encouraged the use of differential hydro- 
lysis in the homogeneous systems to analyze for HMX in RDX obtained from 
the Bachmann reaction. Known mixtures of pure RDX and HMX were 
first hydrolyzed at a controlled temperature (0°C. and 27°C.) with various 
concentrations of sodium hydroxide for various periods of time to establish 
the sodium hydroxide concentration and the reaction time necessary for 
complete hydrolysis of RDX. The experimental procedure was the same as 
that employed in the kinetic studies with pure HMX and pure RDX. Using 
the appropriate sodium hydroxide concentrations and reaction times, cali- 
bration curves were established with RDX —- HMX mixtures of known compo- 
sition, formed by dry mixing or coprecipitation by water from acetone solution. 


Analysis of RDX samples of unknown HMX contents required merely 
that the identical conditions and procedure used for establishing the cali- 
bration curves be applied to the analytical sample. With samples containing 
more than 2% HMX, it was possible to determine the HMX content with a 
precision of +0.2% HMX. With samples containing less than 2% HMX, 
the same precision was obtained only by adding a known quantity (2%) of 
pure HMX before analysis, and deducting the known amount added from the 
analytically determined value for the sample. 


Acknowledgment 


Grateful acknowledgment is made to the Committee on Research, McGill 
University, for financial assistance in the preparation of this manuscript. 











734 


THE FORMATION OF LIGNIN IN WHEAT PLANTS! 
By J. E. Stone, M. J. BLUNDELL, AND K. G. TANNER 


Abstract 


Wheat plants were harvested approximately every two w ceks after emergence 
from the soil. Determination of the lignin content by the 72% sulphuric acid 
method showed a rapid increase between the period 45-70 days from seeding, 
and there was a corresponding increase in the yield of vanillin and syringaldehyde, 
obtained by alkaline nitrobenzene oxidation. The p-hydroxybenzaldehyde 
yield remained low at all times and seemed to be derived from a different sy stem. 
It is suggested that the source of this aldehyde is not the lignin, but the tyrosine 
associated with the protein. The ratios of vanillin to syringaldehyde did not 
remain constant from plants of different ages, the percentage of syringaldehyde 
being lower than vanillin in the young plants and higher in those which were 
more mature. This is qualitatively in agreement with an increase in the meth- 
oxyl content of the lignin. 


When the yield of aldehydes from mature plants is taken as the criterion for 
the amount of lignin present, the youngest plants have a lignin content of about 
0.13%, a value much lower than other bases for calculation would indicate. 


Oxidation of the whole plant and of the plant which had been extracted with 
alcohol—benzene, water, and 1% hydrochloric acid, gave similar percentages of 
aldehydes, owing partly to the removal of aldehyde-producing substances and 
partly to the degradation of the lignin during the extraction process. Oxidation 
of the extracts gave no trace of aldehyde in the hydrochloric acid extract, a trace 
in the water extract, and appreciable percentages in the alcohol—benzene extract. 
This latter extract consisted of two portions, a red water soluble, alcohol—benzene 
insoluble fraction and the main alcohol-benzene soluble fraction. The former 
gave rise to vanillin and p-hydroxybenzaldehyde on oxidation, the amount being 
a maximum at the first harvest and decreasing to zero after lignification had 
occurred. The latter, that is, the alcohol—benzene soluble extract, gave rise to 
syringaldehyde as well as the others, the amounts being low at first and in- 
creasing during lignification in the same way as the main body of the plant. It 
is believed that the alcohol—benzene removes a soluble portion of the lignin 
since the relative proportions of the aldehydes are very similar to those obtained 
from lignin itself. 


Introduction 


The work of Phillips ef a/. (10, 11, 12) showed that wheat, oat, and barley 
seedlings contained a small amount of lignin and that a rather rapid increase 
took place about 40 days after the plants had emerged from the soil. The 
lignin was determined by the fuming hydrochloric acid method and character- 
ized by its methoxyl content. In all cases the young lignin had a lower 
methoxyl content than the older material. Phillips concluded (12) that this 
was definite evidence against Klason’s (6) hypothesis that the plant synthesizes 
lignin from coniferyl alcohol (or aldehyde) by a process of polymerization for, 
it was argued, Klason’s theory would require a constant methoxyl content at 
all stages of the phytochemical synthesis. This argument may be questioned 
on two grounds. Firstly, the cereal straws are angiosperms and the lignin is 


1 Manuscript received May 21, 1951. 
Contribution from the National Research Council, Prairie Regional Laboratory, Saskatoon, 
Sask. Issued as Paper No. 121 on the uses of Plant Products and as N.R.C. No. 2495. 
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consequently made up of syringyl and guaiacyl units, as shown by Hibbert 
et al. (4). Moreover, the same school produced evidence that monocotyledons 
give rise to some p-hydroxybenzaldehyde on oxidation with alkaline nitro- 
benzene (4,5). The lignin in cereal straws might therefore be considered as 
built up from p-hydroxyphenyl (1), guaiacyl (II), and syringyl (III) units. 


: A 
o™ VA 
| 1] | 
| | 
OCH act, sea 
OH OH 
II Ill 


ae 


A change in the ratio of these building units during the growth of the plant 
could account for any variations in methoxyl content found in the lignin and 
does not eliminate the possibility that coniferyl alcohol played a part in the 
formation of II. Secondly, there is the possibility that the low methoxyl 
content found by ‘Phillips in the lignin of young seedlings was due to the 
presence of humic acid, formed from the protein and carbohydrate during the 
isolation of lignin with strong mineral acid. Certain oat seedlings contained 
more than 40% protein (N X 6.25) and the nitrogen content of the isolated 
lignin indicated that much protein was present there also in the form of 
humic acid. A correction for ash and protein gave what Phillips described 
as ‘‘pure”’ lignin, but it took no account of carbohydrate matter in the humic 
acid so that any carbohydrate present, being unaccounted for, would lower 
the methoxyl content accordingly. , 


The present work was undertaken in order to clarify these points. An 
alkaline nitrobenzene oxidation carried out on plants at various stages of 
growth followed by quantitative determination of vanillin, syringaldehyde, 
and p-hydroxybenzaldehyde so formed, should provide evidence as to the 
relative amounts of the guaiacyl, syringyl, and p-hydroxyphenyl units present 
in the lignin. The amounts of aldehyde derivable from the plant should also 
provide a good indication of the amount of lignin present, unconfused by the 
presence of protein, carbohydrate, or any other plant constituent. 


Experimental 


Thatcher wheat was seeded on May 15, 1950, emerged from the soil about 
a week later, and the first harvest taken 17 days after seeding. The plants 
were then about 10 cm. high and in the early second-leaf stage. The dates of 
subsequent harvests and descriptions of the plants are given in Table I. The 
plants were prepared for analysis by removing the roots (and the heads when 
the latter had formed), washing them briefly, air-drying at 45°C., and grinding 
them in a Wiley Mill to pass a 60-mesh screen. The material was then ex- 
tracted with solvents according to the scheme shown in Fig. 1. 
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TABLE I 
Harvest | Date Age of plants Height of plants Description 

| (days from seeding) (cm.) 
1 | June 1 | 17 10 Early two-leaf stage 
2 | June 15 31 17-20 
3 | June 30 46 38-42 Head starting to form 
4 July 17 63 67-70 Head well formed 
5 | July 28 74 70-75) 
6 | Aug. 11 88 70-80 - Ripening 
7 Aug. 25 102 70-80 
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Fic. 1. General scheme of analysis. 


Alcohol—Benzene Extraction 


The air-dry material was extracted for 30 hr. with ethanol—benzene 1: 2 in 
a Soxhlet extractor. The extract was poured off into a Petri dish, the solvent 
evaporated, and the dried extract weighed. A red, water soluble, alcohol— 
benzene insoluble substance was found to be extracted from the plant by the 
alcohol—benzene. After pouring off the solvent, this red material was dissolved 
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in water, filtered, dried, and weighed. The extracted plant material was air- 
dried at room temperature and the dry weight calculated by oven drying a 
weighed portion of it. 


Cold Water Extraction 


This extraction was carried out in a Waring Blendor for 30 min., using 
150 ml. water for each gram of plant material used. The extract was clarified 
by centrifuging, evaporated to dryness, and weighed. The residue was dried 
by lyophilization, weighed, a portion retained for analysis and the remainder 
extracted with 1% hydrochloric acid. 


1% Hydrochloric Acid Extraction 


The material was refluxed for three hours with 150 ml. of 1% hydrochloric 
acid for each gram of substance used. The extract and residue were separated, 
dried, and weighed as in the cold water extraction. The purpose of using 
lyophilization for drying the residues was to retain the plant material in a finely 
divided form. 


Lignin Determination 


The 72% sulphuric acid method was used since it is convenient and has 
been shown by Adams and Castagne (1) to be suitable for cereal straws. 


Analysis of Extracts and Residues 


Each extract and residue, as well as the original unextracted plant material 
and the final lignin, was analyzed for ash, nitrogen, and methoxyl. An 
alkaline nitrobenzene oxidation with a quantitative determination of the 
vanillin, syringaldehyde, and p-hydroxybenzaldehyde so formed, was also 
carried out, using a rapid microtechnique especially devised for this purpose 
and described in detail in another publication (13). <A brief description is 
given here for the sake of clarity. 


Alkaline Nitrobenzene Oxidation 


Into a 2 ml. stainless steel bomb were placed 50-100 mgm. plant material, 
0.06 ml. nitrobenzene, and 1.00 ml. of 2N sodium hydroxide. The bomb was 
heated with shaking for 23 hr. at 160°C., cooled, and centrifuged. An aliquot 
(0.2 ml.) was removed, spotted along the base line of a paper chromatogram, 
acidified by fuming with acetic acid, and the chromatogram developed with a 
mixture of petroleum ether and n-butyl ether (6:1) saturated with water. 
The individual aldehydes were extracted from the paper with alcohol and the 
amount of each determined by the density of absorption of ultraviolet radiation 
using the Beckman DU spectrophotometer. 


Results and Discussion 


The relative amounts of the extractives and lignin at various stages of growth 
are shown in Fig. 2. The results are calculated on an ash-free basis and while 
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Fic. 2. Per cent of lignin and extractives (ash free) at various growth stages. 


the curves are not quite regular there is a general tendency for the amount of 
material extracted by alcohol—benzene and by water to fall steadily with 
increasing age of the plant, and for the lignin to increase in amount. 


Percentage of Lignin 

In Fig. 3, Curve 1 shows the crude analytical values for the lignin content 
of the plants, corrected for ash in Curve 2 and for ash and protein in Curve 3. 
Curve 3 corresponds to the ‘“‘pure lignin’’ of Phillips, and its considerable 
divergence from the other two indicates the importance of correcting for ash 
and protein when calculating the lignin content of this type of plant material. 


The percentage of lignin is low in the young plants, rises rapidly about 
midway through the life cycle, during the period when heading-out is in pro- 
gress, and then rises more slowly as the plant reaches the final stages of 
maturity. 


The methoxy! content of the lignin represented by Curve 3 is not constant, 
but rises with increasing age of the plant. This is shown in Fig. 4. Also 
shown in Fig. 4 are the yields of vanillin, syringaldehyde, and p-hydroxy- 
benzaldehyde derivable from this lignin. The alkaline nitrobenzene oxi- 
dations which led to these results were carried out, not on the isolated lignin 
itself, but on the plant material which had been extracted with alcohol- 
benzene, water, and 1% hydrochloric acid. The yield of aldehydes was then 
recalculated on the basis of the Klason lignin content. The reason for doing 
this was that oxidations on the isolated lignin itself gave very poor results, 
presumably owing to its insolubility in sodium hydroxide, whereas the ex- 
tracted plant material represents, in theory, chiefly cellulose and lignin, and 
the latter has not been modified in a way that prevents aldehyde formation. 
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Fic. 3. Per cent of lignin calculated on various bases: 
(1) Crude 72% sulphuric acid lignin. 
2) Corrected for ash. 
(3) Corrected for ash and protein. 


(4) Lignin content based on methoxyl content of young plants and 72% sulphuric acid 
lignin content of mature plants. 

(5) Lignin content based on vanillin and syringaldehyde yield from young plants and 
72% sulphuric acid lignin content of mature plants. . 
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Fic. 4. Methoxyl content of 72% sulphuric acid lignin and aldehydes obtained from hydro- 
chloric acid residue and calculated as a percentage of 72% sulphuric acid lignin. 
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There are several noteworthy points in connection with Fig. 4. Firstly, 
the percentage of vanillin and syringaldehyde increases rapidly at the stage of 
growth where lignification occurs, following the methoxyl content in this 
respect. The conclusion might be drawn that the young lignin is very dif- 
ferent from the more mature material, since if it had been the same, the 
percentage of methoxyl and of aldehydes would have remained constant 
throughout the growth of the plant and this would have been shown in Fig. 4 
by parallel and horizontal straight lines. A simpler explanation is that the 
brown amorphous powder isolated from young plants actually consists largely 
of humic acid. This would account for the low methoxyl content and the low 
aldehyde yield and is a more reasonable explanation than assuming the exist- 
ence of two types of lignin so different in structure that one yields 20 times as 
much vanillin as the other on nitrobenzene oxidation. It is to be expected 
that very young tissue with a high protein content will give rise to more 
humic acid than mature straw and it is felt that any estimation of lignin in 
young plant tissue, based on the weight of a residue formed under the action 
of strong mineral acid, should be treated with caution. MacDougall and 
DeLong (8) have shown that removal of nitrogenous constituents from plant 
tissues prior to a lignin determination reduces the amount of lignin obtained 
by the 72% sulphuric acid method; so that an extraction such as theirs to 
remove proteinaceous material would seem to be obligatory if the gravimetric 
estimation of lignin in young tissue is to have signifiéance. Possibly the 
methoxyl content of the brown amorphous powder would be a better indication 
of the true lignin content, and Curve 4 in Fig. 3 represents the lignin content 
of growing wheat plants calculated on this basis. The assumptions have 
been made that (a) a mature lignin (ash- and protein-free) contains no humic 
acid, and (0) the methoxy! content of young lignin is the same as that of mature 
lignin. Actually, both these assumptions are probably incorrect, but since 
correcting the error of (a) would give an even lower lignin content to young 
plants, and (0), as will be seen in the next paragraph, would increase the lignin 
content, it is possible that compensating errors might render Curve 4 in Fig. 3 
a closer approximation to the actual lignin content than does Curve 3. 


Fig. 4 shows that the ratios of p-hydroxybenzaldehyde, vanillin, and syring- 
aldehyde, obtained by oxidation, changes with the growth of the plant. In 
the early stages the order of abundance is as above, whereas at maturity the 
order is reversed, syringaldehyde now being predominant. This may be 
taken to mean that there is, indeed, a basic difference in the nature of the 
lignin at various growth stages, and the early predominance of the aldehyde 
with no methoxyl groups followed by the later predominance of the doubly 
methoxylated unit is qualitatively in agreement with an increase in the meth- 
oxyl content of the lignin. 


Just as the lignin content of young plants was calculated from the methoxy] 
content of the mature material, so may the lignin be estimated using the alde- 
hyde yield as the basis for calculation. And whereas the methoxyl group is 
not a characteristic of lignin alone, vanillin and syringaldehyde may be 
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considered as derived uniquely from lignin. The difference in the ratio of the 
two aldehydes at various stages requires a separate calculation for each, as 
though there were a guaiacyl and a syringyl type lignin, each giving rise to a 
certain percentage of vanillin and syringaldehyde upon oxidation. This is 
simply expressed algebraically: 
wo eee 
(x + y) 


where JN = required lignin content of plant material at any growth stage, 


M = percentage Klason lignin (ash- and protein-free) of mature 
plant, determined by normal gravimetric procedure, 
a, b = percentages of vanillin and syringaldehyde respectively at any 


growth stage, 
x,y = percentages of vanillin and syringaldehyde respectively at 
maturity. 


Calculating the lignin content of the plants on this basis gives rise to Curve 5 
in Fig. 3. The percentage of lignin in the youngest plants, 0.13%, obtained 
in this way is considerably lower than the other bases for calculation indicate, 
and it is to be noted that the value would be reduced still further if the presence 
of humic acid or other impurity gave / an inflated value. It is considered 
that Curye 5, representing as it does the ‘“‘aromaticity”’ of the plant, is the 
closest approach to the true lignin content. The low aldehyde yield from the 
young tissue may be compared with the absence of cyclohexyl] derivatives from 
hydrogenated spruce buds, noted by Bower, Cooke, and Hibbert (2). 


Significance of p-Hydroxybenzaldehyde 

The methoxyl group is usually considered to be a characteristic of lignin 
and the percentage is important when attempting to assign a structure to the 
lignin molecule, using guaiacyl or guaiacy] and syringyl units. The production 
of p-hydroxybenzaldehyde, as well as vanillin and syringaldehyde, by oxidizing 
monocotyledons was demonstrated by Hibbert et a/. (4, 5) and this indicated 
that a nonmethoxylated building unit might have to be considered in structural 
theories. The mere absence of methoxyl groups in a plant or plant extract 
could not be taken as indicating the absence of ligninlike substances, since 
one could conceive the existence of a completely unmethoxylated lignin built 
up of p-hydroxyphenyl units. 

It occurred to the present authors that the source of the p-hydroxybenzalde- 
hyde obtained on alkaline nitrobenzene oxidation of wheat plants might be, 
not the lignin, but the tyrosine associated with the protein. An oxidation of 
tyrosine (d/) was carried out under standard conditions and a yield of p-hydro- 
xybenzaldehyde of 16% of theory was obtained. 


CH:—CH — COOH 
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It would seem from this that some, if not all, of the p-hydroxybenzaldehyde 
obtained from wheat plants is derived from the protein fraction. It is perhaps 
significant that those plants shown by Hibbert to give rise to p-hydroxybenzal- 
dehyde, that is the monocotyledons, are those which are high in proteinaceous 
material. Considering the present data, the 3l-day-old plants gave rise to 





0.13% p-hydroxybenzaldehyde (Fig. 5). Assuming a similar yield from 
. f T , . =. T , =... . h6hUmShUF  . 8 ] 
3.0F “1 
ates =O us 
[ O-METHOXYL oO | 
+  @~-VANILLIN saa 
© - SYRINGALDEHYDE 
[  @ -p-HYODROXYBENZALOEHYDE 7 
L me e 


PER CENT 

rs) 

° 

T T . 

~\ 

| 
a 

Riscill 














oO 
OF 
r ; noe Vi 
« e——* .—_——— 1 
P| a ae Ce es eet ll ee 
t) 20 40 60 80 100 


AGE of PLANTS (days) 
Fic. 5. Methoxyl content and aldehyde yield from unextracted whole plants. 


protein as was obtained from tyrosine, the tyrosine content of the plant would 
be about 0.8%. The protein content of 37.50% (6.0 X 6.25) means that 
tyrosine would constitute about 2.1% of the plant protein according to the 
present data. This agrees well with the data of Lugg (7) who showed that the 
protein of the Gramineae contains 2.3-2.5% tyrosine. It would therefore 
appear likely that all the p-hydroxybenzaldehyde obtained on oxidizing wheat 
plants with alkaline nitrobenzene is derived from proteinaceous material. 
Further evidence that p-hydroxybenzaldehyde was derived from a nonlignin 
source is the shape of the curves in Fig. 4, 5, 6, and 7, which show that the pro- 
duction of vanillin and syringaldehyde at various growth stages follows a 
much different path from that of the nonmethoxylated aldehyde. 


Oxidation of Extractives 


It was considered that very immature plants might contain lignin or lignin 
precursors in a form that was soluble to some extent in the solvents used for 
extraction, prior to the actual lignin determination. The oxidation of these 
extracts with alkaline nitrobenzene, followed by a qualitative and then 
quantitative determination of aldehydes, provides a valuable tool in following 
the solubility properties of lignin or lignans. A lot depends upon the definition 
of the word “‘lignin”, and in the present case the criterion of whether lignin 
was present or absent from any particular fraction was the production, or 
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nonproduction, of vanillin and syringaldehyde. Consequently oxidations 
were performed on the material that had been extracted from the plant by 
alcohol—benzene, by cold water, and by 1% hydrochloric acid. An oxidation 
was also performed on the air-dry, unextracted material and on the residues at 
each stage of extraction. 


Fig. 5 shows the results obtained from the original, unextracted material 
and the curves may be compared with Fig. 6, obtained from the fully extracted 
plant. The yield of aldehydes obtained is seen to be similar in both cases, 
notwithstanding the fact that the extraction process removes a large per- 
centage of supposedly nonlignin material. The relative amounts of vanillin 
and syringaldehyde differ somewhat in the two cases. Two explanations ° 
would account for this; (a) the extraction process removes some aldehyde- 
producing substances, (b) the extraction process polymerizes or changes the 
lignin so that lower yields of aldehyde are produced from it on oxidation. It 
would seem from the present work that both these explanations are valid since 
although some lignin was found to be extracted by alcohol—benzene, it was 
insufficient to account for the lowered aldehyde yield obtained from the hydro- 
chloric acid residue. 


The material extracted by hot alcohol—benzene consisted of a principal 
fraction (ABX’), soluble in alcohol—benzene, and a second fraction (ABX’’) 
that was only very slightly soluble in this solvent, accumulating at the bottom 
of the flask during the course of the extraction. It was water soluble and 
consisted largely of sucrose. Oxidations of these two fractions gave the 
curves shown in Figs. 7 and 8. The similarity of Fig. 7 to those shown previ- 
ously indicates that the substance removed by alcohol—benzene and responsible 
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for these aldehydes is closely related to lignin. Not only does-the amount 
increase during the same growth period as lignification, but the relative 
amounts of vanillin and syringaldehyde are too similar to the yields from 
lignin to be derived from a heterogeneous mixture of lignans and other phenolic 
bodies. It may be compared with Brauns’ ‘“‘native’’ lignin (3) isolated from 
wood by ethanol at room temperature, and is similar to the lignin isolated from 
mature wheat straw by Marion (9) using methanol—benzene (1: 1) as solvent. 


The red, water soluble material extracted from young plants by alcohol- 
benzene (ABX”) gave rise to small percentages of vanillin and p-hydro- 
xybenzaldehyde on oxidation (Fig. 8). But plants harvested beyond the 
period of lignification, that is, after the fourth harvest, produced no aldehyde 
so far as could be detected. The extract itself gave a positive reaction for 
phenols and an attempt was made to determine how many phenols were 
present. Paper chromatography using m-butanol saturated with water as 
solvent gave two distinct spots when the paper was sprayed with ferric chloride. 
After lignification, at the stage where no vanillin was produced on oxidation, 
no phenols could be detected chromatographically. This observation is to 
receive further study. 


Small quantities of vanillin, syringaldehyde, and p-hydroxybenzaldehyde 
were obtained from an oxidation of the cold water extract but the results were 
irregular and little significance can be attached to them at this time. No 
aldehydes could be obtained from the hydrochloric acid extract at any stage 
of maturity of the plants. 
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THE STRUCTURES OF NITROGUANIDINE 
AND ITS DERIVATIVES! 


By A. F. McKay, J. P. PIcarp, AND P. E. BRUNET 


Abstract 


The ultraviolet absorption spectra of a number of derivatives of nitroguanidine 
were determined. An analysis of the effects of substituents on the absorption 
spectrum of nitroguanidine has led to the conclusion that it exists as a rescnance 
hybrid of several structures including (a) and (0). 


NH: a 


‘i NH; o- 
. Jo WN RC Ne on 2 
NH; O NHY/ N\o- 
(a) (b) 
The bearing of these structures on the nomenclature of nitroguanidine and its 
derivatives is discussed. Also the structures of some of the derivatives of nitro- 


guanidine have been interpreted from their absorption spectra. 


I. Introduction 


In 1892, Thiele (18) considered the evidence for the symmetrical (1) and 
nonsymmetrical (II) structures of nitroguanidine at some length before de- 
NH2C(N.NO2)NHe NH.C(NH)NHNOz 
I II 


ciding in favor of the unsymmetrical form. Since then the latter form has been 
used almost exclusively. Further experience with nitroguanidine and its deri- 
vatives led to some doubts concerning the accepted structures so the author 
(A.F.M.) initiated a study of the ultraviolet absorption spectra of derivatives 
of nitroguanidine. Over a period of four years some sixty compounds have 
been examined. The results of these studies indicate that certain types of sub- 
stitution in nitroguanidine lead to decided spectral changes while others have 
very little effect. An analysis of these spectral changes has been employed in 
elucidating the structures of nitroguanidine and its derivatives. 


Previous to this work Jones and Thorn (7) described the ultraviolet absorp- 
tion spectra of nitroguanidine in neutral, acid, and alkaline media. The spec- 
trum of nitroguanidine was described also by Baly and Desch (1). 


II. The Structure of Nitroguanidine 


An examination of the ultraviolet absorption spectra of nitroguanidine and 
its derivatives has led to the conclusion that nitroguanidine exists as a hybrid 
of the electronic structures I, III, and IV. 


1 Manuscript received April 18, 1951. 
Contribution from Defence Research Chemical Laboratories, Ottawa, Canada, and the 
Canadian Armament Research and Development Establishment, Quebec, Canada. Issued as 
D.R.C.L. Report No. 60. 
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+ ¢ 
NH: NH, rc ma _ /o- 
Sc=n-no, <> No-nak{ <>. Noone 
NH» NH; No- NH \o- 
I III IV 
+ /O- 
If the — N]= is group is considered to be the chromophore respon- 


sible for the absorption maximum and the attached group 


NH; 
are 
NHZ 


is considered as a modifier? of the absorption characteristics, then the ultra- 
violet absorption spectra of nitroguanidine and its derivatives are readily 
interpretable in terms of structure. It is undoubtedly true that there exists 
interaction between the unbonded electrons of the amino groups and the 
chromophore group. Thus the molecule as a whole is responsible for the ab- 
sorption spectrum. However, as long as the nitramino group in derivatives of 
nitroguanidine is free to form a double bond between the two nitrogens the 
absorption characteristics vary only slightly. A replacement of one of the 
hydrogens of the modifier group by an alkyl or aralkyl group produces no 
major change in the shape of the absorption curve or Amax as shown by a com- 
parison of Curve A, Fig. 1 for nitroguanidine with Curves A and B, Fig. 2. 





LOG Em 














20 as 
| | | | l 
220 260 300 
WAVE LENGTH mp 
Fic. 1. Curve A —— Nitroguanidine (ethanol). Curve B--— Nitroguanidine (N HCl). 


Curve C.... Nitroguanidine (N KOH). 


O- 
+ 
2The nitroguanidine molecule is divided here into two groups, the chromophore — N = aC 
o- 
H.N 
and modifier group, tf" — for convenience in discussion. In this way the effect of substituents 


i 
in each of the two groups can be discussed separately, 
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Fic. 2. Curve A —— N-Benzyl-N'-nitroguanidine ((ethanol). 


Curve B — - — N-Cyclohexyl-N'-nitroguanidine (ethanol). 


Table I shows that a considerable variation in the substituents has little effect 
on the wave length of the absorption maximum or the extinction coefficient. 


When an aryl group replaces one of the hydrogens of ‘the modifier group 
then conjugation of the double bond of the chromophore with the double bonds 
of the aryl group can occur as shown in (V). 

NH, 
—— O- 
ov, | ai 


% 


B+ 


‘ee en a 
H 
‘ 
TABLE I 


ABSORPTION SPECTRA OF N-ALKYL- AND N-ARALKYL-N’-NITROGUANIDINES 








Absorption 
| maxima | Emax/** 
Compound* | Solvent - ———| 16,000 

| A,mu Emax 
N-Methyl-N’-nitroguanidine (3) | Ethanol | 269 | 15,600; 0.97 
N-Ethyl-N’-nitroguanidine (3) | Ethanol | 271 | 15,700) 0.98 

| Water 267 15,380 | 
N-n-Butyl-N’-nitroguanidine (3) | Water | 270 | 14,490 
N-iso-Amyl-N’-nitroguanidine (4) | Ethanol 270 | 16,600, 1.03 
N-Allyl-N’-nitroguanidine (9) | Ethanol | 270 | 16,300 1.02 
N-6-Methoxyethyl-N’-nitroguanidine (11) | Ethanol 269 15,600 | 0.97 
N-Cyclohexyl-N’-nitroguanidine (9) | Ethanol | 271 15,500 | 0.97 
N-Benzyl-N’-nitroguanidine (3) | Ethanol 271 16,000 | 1.00 
N-di-a-Phenylethyl-N’-nitroguanidine (9) | Ethanol 273 16,700 | 1.04 
N-6-Phenylethyl-N’-nitroguanidine (9) | Ethanol | 271 | 16,200 1.01 





* The numbers in parentheses refer to the references at the end of this paper in which the pre- 
paration and properties of the compounds are described. 

** The values tabulated in this column are presented to illustrate the relative constancy of the 
molar extinction coefficient (see Jones and Thorn, reference 7). i 
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An examination of Table II indicates that in general this results in batho- 
chromic and hyperchromic shifts. The absorption maxima lie in the range of 
272-280 my with an average molar extinction coefficient of 16,400. Part of this 
increase in extinction coefficient is undoubtedly due to the additive effect of 
aryl absorption. A second absorption maximum has a tendency to appear with 
p-substituted phenyl nitroguanidines. It occurs at a wave length of 224-225 my 
with a slightly lower extinction coefficient than the main absorption maxima 
at 272-278 mu. This is indicated in the absorption curve for N-p-anisyl-N’- 
nitroguanidine in ethanol (Curve A, Fig. 3). Typical absorption curves of this 
group of compounds are recorded in Fig. 3. 


TABLE II 


ABSORPTION SPECTRA OF N-ARYL-N’-NITROGUANIDINES 














Absorption 
maxima Emax/ 
Compound Solvent | 16,400 
A,mu Emax 

N-p-Tolyl-N’-nitroguanidine (9) Ethanol 276 15,000 0.91 
N-m-Tolyl-N’-nitroguanidine (9) Ethanol 278 14,700 0.89 
N-v-Tolyl-N’-nitroguanidine (9) Ethanol 272 16,600 1.01 
N-p-Anisyl-N’-nitroguanidine (9) Ethanol 275 16,900 1.03 

(225) | (12,900) 
N-m-Anisyl-N’-nitroguanidine (9) Ethanol 277 18,700 1.14 
N-o-Anisyl-N’-nitroguanidine (9) Ethanol 274 15,800 0.96 
N-p-Phenetyl-N’-nitroguanidine (9) Ethanol 275 16,700 1.02 
N-m-Phenetyl-N’-nitroguanidine (9) Ethanol 277 17,200 1.05 
N-o-Phenetyl-N’-nitroguanidine (9) Ethanol 274 13,600 0.83 
N-p-Chlorophenyl-N’-nitroguanidine (9) Ethanol 278 17,500 1.06 
N-m-Chlorophenyl-N’-nitroguanidine (9) Etnanol 279 17,200 1.05 
N-o-Chlorophenyl-N’-nitroguanidine (9) Ethanol 274 19,040 1.16 
N-p-Bromophenyl-N’-nitroguanidine (9) Ethanol 280 15,300 0.93 
N-m-Bromophenyl-N’-nitroguanidine (9) Ethanol 279 16,400 1.00 
N-p-Hydroxyphenyl-N’-nitroguanidine (12) Ethanol 278 15,300 0.93 

(224) | (11,700) 
N-p-tert. Amylphenyl-N’-nitroguanidine (9) Ethanol 278 17,000 1.03 
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Fic. 3. Curve A —— N-p-Anisyl-N'-nitroguanidine (ethanol). 
Curve B — - — N’-m-Anisyl-N’-nitroguanidine (ethanol). 
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If two or three hydrogen atoms of the modifier group are replaced to give 
a cyclic compound such as 2-nitramino-2-imidazoline (VI) or a substituted 


H H 
| | 
CH; — N _ sO- CH; — N . 
| ee a | . e-N a RC 
CH, — N% \o- CH, — NZ \o- 
| | 
H H 
VI 


cyclic structure like 1-methyl-2-nitramino-2-imidazoline (VII) the wave length 


CH; 
CH: — N a, s 
| oi -N=NO 
CH: — NF \O7 
| 
H 
VII 


of the absorption maxima are not changed from the usual values of 269-273 mu. 
Also the curves presented in Fig. 4 show the type of absorption to be the same 
as exhibited by the compounds in Tables I and II. Table III lists a number of 
cyclic nitroguanidine derivatives of this type. The molar extinction coefficient 
is higher (17,100-17,700) for the 2-nitramino-1, 3-diaza-2-cycloalkenes than 
the unsymmetrically substituted N-alkyl-, and N-aralkylnitroguanidines. 
This may not be due entirely to ring formation because sym.-dibenzylnitro- 
guanidine (8) has an E,ax Of 18,000 at Amax 274. Dibenzylnitroguanidine is per- 
haps not a good example for this comparison because the absorptions of the 
two phenyl] groups would be expected to appear as additive factors in its 
extinction coefficient. In comparison with more closely related compounds, 
e.g., ethylnitroguanidine, it is evident that ring formation results in a slightly 
increased absorption. 
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Fic. 4. Curve A —— 2-Nitramino-2-imidazoline (ethanol). 
Curve B — + — 2-Nitramino-2-tetrahydropyrimidine (ethanol). 


Curve C — — — 2-Nitramino-2-imidazoline (N HCl). 
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TABLE III 


ABSORPTION SPECTRA OF CYCLIC NITROGUANIDINES—CLAss I 














Absorption 
maxima 
Compound Solvent —| 
A,mp Emax 
2-Nitramino-2-imidazoline (14) Ethanol 267 17,700 
’ N Hydrochloric 
acid 264 16,600 
2-Nitramino-4 (or 5)-methy!-2-imidazoline (14) Ethanol 265 17,700 
2-Nitramino-2-tetrahydropyrimidine (14) Ethanol 271 17,400 
Water 267 16,600 
| N Hydrochloric 
| acid 265 15,500 
2-Nitramino-4 (or 6) methyl-2-tetrahydropyrimidine Ethanol 271 17,700 
(14)| N Hydrochloric 266 15,150 
acid 
2-Nitramino-5-hydroxy-2-tetrahydropyrimidine (14) Ethanol 271 17,100 
2-Nitramino-1, 3-diaza-2-cycloheptene (14) Ethanol 273 15,300 
1-Methyl-2-nitramino-2-imidazoline (16) Ethanol 269 15,600 
1-Ethyl-2-nitramino-2-imidazoline (16) Ethanol 270 16,400 
1-8-Hydroxyethyl-2-nitramino-2-imidazoline (16) Ethanol 270 16,800 
1-8-Nitroxyethyl-2-nitramino-2-imidazoline (16) Ethanol 269 17,600 
1-Benzyl-2-nitramino-2-imidazoline (8) Ethanol 271 17,400 
1-Nitro-2-nitramino-2-imidazoline (15) Ethanol 270 13,300 
1-Nitro-4-methy]-2-nitramino-2-imidazoline (6) Ethanol 269 11,600 














It will be noted in Table III that a nitro group in position 1 of 2-nitramino- 
1, 3-diaza-2-cycloalkenes does not affect Ama, but the Epa, is lowered to 
11,600-13,300. This would be expected, because the nitro group in this position 
interferes with resonance in the modifier group. Even a higher degree of sub- 
stitution as exhibited by compound (VIII) has no effect on Ana, but once again 
the value of E,ax is lowered to 13,340. Thus it is evident that the number 


NO: NO, 
CH: — N eae CH: — N\_ . /0 
| pn or Lee 
CH, — N No om CH: — . ‘o Nou 
| 
H: CGH; H CH; 
VIII 


and kind of substituents on the modifier group may be varied considerably 
without affecting the spectral characteristics of nitroguanidine. On the other 
hand, any substitution which interferes with the chromophore assuming the 


structure —N = NC changes the ultraviolet absorption spectrum of nitro- 
o- 


guanidine profoundly. 


When nitroguanidine is substituted in a manner to include the nitramino 
group in a heterocyclic ring, the absorption curve takes the form illustrated 
in Fig. 5, Curve A. Other compounds of this type are given in Table IV along 
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Fic. 5. Curve A —— 1-Nitro-2-amino-4-methyl-2-imidazoline hydrochloride (95% ethanol). 
Curve B — — 1-Nitro-4-methyl-2-imidazolidone (ethanol). 


TABLE IV 























ABSORPTION SPECTRA OF CYCLIC NITROGUANIDINES—CLAss IIT 
| | 
Absorption 
maxima 
Compound Solvent |—— a 
A,mu | Emax 
peat Ee Cer eee Cree wee eee Gee SO cen, Perse 
1-Nitro-2-amino-2-imidazoline (11) Ethanol | 2380 | 4500 
1-Nitro-2-amino-2-imidazolinium bromide (11) | Ethanol | 244 | 6300 
1-Nitro-2-amino-4-methyl-2-imidazolinium chloride (6) Ethanol | 243 6300 
1-Nitro-2-amino-4-methyl-2-imidazolinium (6) Ethanol 240 6100 





with their absorption maxima. In compound (IX), which is typical of this 


= 
class, it is apparent that the nitramino group cannot take the form — N = NC . 


\O7- 
This would result in the two adjoining nitrogens carrying a positive charge as 
OC 07 
CH; NO: CH; N+ 
CH NY CH —N\ 
iw | a Ps — NH, 
IX x 


illustrated in (X), which is an unstable state (17). Furthermore, any attempt 
to force the nitramino group to take the form of the chromophore in nitro- 
guanidine by the addition of alkali causes a rupture of the ring. The cyclic 
structure of this class of compounds is opened also by standing in excess acid 
at room temperature (8). A comparison of Curves A and B in Fig. 5 shows 
that the spectra of this class of compounds is similar to the spectra of secondary 


nitramines (Table V). 
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TABLE V 


ABSORPTION SPECTRA OF SECONDARY NITRAMINES 








| Absorption 























| maxima | Emax/ 
Compound | Solvent |—————,—————| 5500 
A,mu | Emax 
1-Nitro-4-methyl-2-imidazolidone (13) | Ethanol 237 6200 | 1.13 
1, 3-Dinitro-4-methyl-2-imidazolidone (10) | Ethanol 236 11,300 | 2.05 
1, 3-Dinitro-2-hexahydropyrimidone (15) | Ethanol! 243 | 10,400; 1.89 
1-8-Nitroxyethyl-3-nitro-2-imidazolidone (16) | Ethanol | 244 | 7800 1.42* 
1, 3-Dinitro-5-nitroxy-1, 3-diaza-2-cyclohexanone Ethanol | 233 | 13,400 eg 


(10) | | 


* These high values for Emax/5500 are due to the presence of the nitroxy group. <A similar 
observation was made previously by Jones and Thorn (7). 





Even the salts (XI) of compound (IX), which fulfill the requirements for re- 
sonance do not change the shape of the absorption curve (Fig. 5, Curve A) 


CH; NO: ie NO, 
| | | 
CH —N CH —N “ 
| ae — NH: | X- <—> | | Ne = NH; | X- 
CH; — NF CH, — N% | 
H H 
XI 


to the type given by nitroguanidine (Fig. 1, Curve A). Salt formation does 
cause a bathochromic shift from 230 my to 240 mu. 


Another class of compounds in which the chromophore group is held in the 


O 
nitrimino form = N — Ng by suitable substitution of the nitroguanidine 
O 


nucleus gives ultraviolet absorption spectra (Fig. 6 and Table VI) much dif- 
ferent than nitroguanidine. 
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Fic. 6. Curve A —— 1-Ethyl-2-nitrimino-3-nitroimidazolidine (ethanol). 
Curve B — - 1-Methyl-2-nitrimino-3-nitroimidazolidine (ethanol). 


Curve C - - — 1-8-Nitroxyethyl-2-nitrimino-3-nitroimidazolidine (ethanol). 
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TABLE VI 


ABSCRPTION SPECTRA OF CYCLIC NITROGUANIDINES—CLass III 




















Absorption 
maxima 
Compound Solvent | 
Amu | Emax 
1-Methyl-2-nitrimino-3-nitroimidazolidine (16) Ethanol | 241 | 7700 
1-Ethyl-2-nitrimino-3-nitroimidazolidine (16) Ethanol 242 8800 
1-8-Nitroxyethyl-2-nitrimino-3-nitroimidazolidine (16) Ethanol | 240 10,700 





The Spectra of Nitroguanidine and Its Derivatives in N Hydrochloric Acid Solution 


Nitroguanidine forms salts in concentrated acid solutions, but these salts are 
very unstable. On standing in the air the atmospheric moisture is sufficient to 
hydrolyze them (2). A dilute acid solution of nitroguanidine might be expected 
to consist mainly of a hybrid of the “‘zwitterion”’ structures (III and IV) along 
with, possibly, very little of the cation XIII. The structures (XIII and XIV) 
contributing to the cation are very similar to the ‘‘zwitterion”’ structures for 


OH 
CoN aR 


~ 


NH; _ /OH NH; 
Noun =k -—+ > 


NH \o- Xu7Z 
XI XIV 


nitroguanidine except for the association of the H ion. Thus one might expect 
the absorption curves for nitroguanidines in acid and neutral solution to be 
quite similar. This can be seen to be the case with nitroguanidine (Fig. 1, 
Curve B) and those of its derivatives examined (Fig. 4, Curve C, cf. Table ITI). 


The Spectra of Nitroguanidine and Its Derivatives in Alkaline Solution 


Two types of absorption curves are observed for nitroguanidine and its 
derivatives in alkaline solution. The first type is exemplified by Curve C, 
Fig. 1 of nitroguanidine and Curve A, Fig. 8 of 2-nitramino-2-imidazoline. 
The second type of absorption curve is observed with unsymmetrically sub- 
stituted nitroguanidines, e.g., N-ethyl-N’-nitroguanidine, N-isoamyl-N’-nitro- 
guanidine, N-m-chlorophenyl-N’-nitroguanidine (Curves A, B, and C respec- 
tively, Fig. 7). This type of curve is also obtained for the six- and seven- 
membered ring compounds in alkaline solution, e.g., 2-nitramino-1, 3-diaza-2- 
cyclohexene and 2-nitramino-1, 3-diaza-2-cycloheptene (Curves B and C, Fig. 
8). The second type curve approaches more closely to that of a nitramine (cf. 
Curve D, Fig. 7). Jones and Thorn (7) have shown that the ultraviolet absorp- 
tion curves of primary nitramines in 95% ethanol and alkaline solution are 
similar with the exception that the absorption maxima have a higher extinction 
coefficient in alkaline solution. 
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Fic. 7. Curve A —— N-Ethyl-N’'-nitroguanidine (N KOR). 
Curve B — -- — N-iso-Amyl-N’'-nitroguanidine (N KOH). 
Curve C — — — N-m-Chlorophenyl-N'-nitroguanidine (N KOH). 


Curve D — + — 1, 3-Dinitraminopropane (ethanol). 
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Fic. 8. Curve A —— 2-Nitramino-2-imidazoline (N KOR). : 
Curve B — — — 2-Nitramino-1, 3-diaza-2-cycloheptene (N KOH). 
Curve C — + — 2-Nitramino-1, 3-diaza-2-cyclohexene (N KOH). 


In alkaline solution the mesomeric form of nitroguanidine and its deri- 
vatives would be expected to change into the anion form (XV). 


XV 


If this occurs immediately there should be no further change in the absorption 
curves in alkaline solution with time. An examination of Curves B and C, 
Fig. 9 show that the shape of the curves and absorption maxima change very 
little with time. However, there is a decrease in the extinction coefficient which 
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Fic. 9. Curve A — + — 2-Nitramino-4 (or 5)-methyl-2-imidazoline (ethanol). 
~ as - + ’ pm « . é A - - sn 
Curve B — — — 2-Nitramino-4 (or 5)-methyl-2-imidazoline (N KOH determined 
immediately). 
Curve C —— 2-Nitramino-4 (or 5)-methyl-2-imidazoline (N KOH determined after 


standing in alkaline solution 24 hr.). 


indicates a decrease in concentration of the absorbing species. The same be- 
havior was noted with methyl nitroguanidine in alkaline solution. These de- 
creases in extinction coefficients occur on hydrolyses of these nitroguanidine 
derivatives to the corresponding ureas. Ethylene urea and urea exhibit no 
absorption in this region of the spectrum in which the nitroguanidine deri- 
vatives absorb. The only conclusion possible is that under the conditions 
employed, nitroguanidine and its derivatives are changed first into the cor- 
responding anions which are hydrolyzed slowly in the alkaline solution to the 
corresponding ureas. It is also apparent that the species responsible for ab- 
sorption in neutral and alkaline solution are different. Further work is in pro- 
gress on the absorption spectra of nitroguanidine derivatives in alkaline 
solution. 


Structures of Compounds Formed by the Addition of Ammonia, Amines, and 
Alcohols to 1-Nitro-2-Nitramino-2-Imidazoline 

The ultraviolet absorption curve for N-8-nitraminoethyl-N’-nitrourea ex- 
hibits two maxima at 230 mu and 260 mu. As shown in Table VII and Fig. 10, 

















TABLE VII 
| Absorption 
maxima 

Compound | Solvent |——___—— 
| A,my | “max 
N-@-Nitramino-a-methylethyl-N’-nitrourea (13) | Ethanol | 230 13,300 
| | 260 | 11,600 
N-8-Nitraminoethyl-N’-nitroguanidine (16) | Ethanol | 232 13,500 
| aes | 20,000 
N-8-Nitramino-a-methylethyl-N’-nitroguanidine (6) Ethanol 232 | 12,000 


| | 
( | | 
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Fic. 10. Curve A —— N-B-Nitraminoethyl-N-nitroguanidine (ethanol). 
Curve B -— — — N-8-Nitramino-a-methylethyl-N’-nitroguanidine (ethanol). 
Curve C — - — N-8-Nitramino-a-methylethyl-N’-nitrourea (ethanol). 


Curves A, B, and C, the ammonia addition products of 1-nitro-2-nitramino- 
2-imidazoline and 1-nitro-4-methyl-2-nitramino-2-imidazoline (6) also possess 
absorption maxima at these wave lengths. Also these latter two compounds 
give a negative Franchimont Test (5) employing dimethylaniline. All other 
2-nitramino-2-imidazolines with the exception of nitroxy derivatives give a 
pink color in this test. The properties are more in agreement with linear struc- 
tures than the cyclic structures previously proposed (15). Thus the reaction 
of ammonia with 1-nitro-2-nitramino-2-imidazoline should be written as 
follows: 


NO: 

| NH 
CH: — NY | 
fr — NHNO.+ NH; ——> NO:NHCH:CH.2NH — Ci— NHNO: 
CH: — NF 


The compound obtained from refluxing 1-nitro-2-nitramino-2-imidazoline 
with ethanol gives an ultraviolet absorption spectrum typical of the cyclic nitro- 
guanidines of Table III. It also gives a deep red color with the Franchimont 
test using dimethylaniline. It is therefore assigned structure VIII. 


Experimental 


The absorption spectra were measured on a Beckman model D.U. ultra- 
violet spectrometer using a slit width of 20 A between 220 and 235 mu and of 
10 A at longer wave lengths. The samples used were analytically pure. 


Concluding Remarks 


The results of this study of the ultraviolet absorption spectra of the deri- 
vatives of nitroguanidine have led to the following conclusions. In nitro- 
guanidine and all its derivatives represented by the compounds listed in 
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Tables I, II, and III, the nitramino group exists mainly in the form 
—-N= NC . When the substituents are such that resonance is permitted, 
a 


the compounds exist as a resonance hybrid of several structures, e.g., 
2-nitramino-2-imidazoline is a resonance hybrid of the electronic structures 


CH: — NH /O~ CH, — NH , 7 
| oe -N=N <> | Noone ete. 
CH: — NH7 \o- CH: — NH“ \o- 


Those compounds in which the chromophore group — N = NC is pre- 
O- 


sent should not be classed as nitrimines. The term nitrimine should be retained 
for compounds represented by those in Table VI. It is suggested that the 
names now used for nitroguanidine and its derivatives be retained. 


It should be borne in mind that some of the finer points of structure of nitro- 
guanidines remain to be determined. As an example, there is almost certain 
to be a high degree of hydrogen bonding in these compounds. 
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BIOCHEMISTRY OF THE USTILAGINALES 
VI. THE ACYL GROUPS OF USTILAGIC ACID! 


By R. U. LEMIEUX AND R. CHARANDUK? 


Abstract 


A partition chromatographic technique was established for the estimation of 
the acetic, -caproic, L-8-hydroxy-n-caproic, and L-6-hydroxy-n-caprylic acids 
which are liberated on the hydrolysis of ustilagic acid. The free carboxyl group 
of ustilagic acid was shown to be derived from the ustilic acid residue. Since 
fractional precipitation of ustilagic acid did not alter the original composition, 
it was concluded that ustilagic acid consists of 65-70% of a monoacetyl-mono-L- 
B-hydroxy-n-caproylglucoustilic acid and 25-30% of a monoacetyl-mono-.L-6- 
hydroxy-n-caprylylglucoustilic acid. 


The alkaline hydrolysis of ustilagic acid was shown (3) to yield an amorphous 
substance termed glucoustilic acid, acetic acid, L-8-hydroxy-n-caproic acid (4), 
L-8-hydroxy-n-caprylic acid (4), and a small amount of m-caproic acid. 


Ustilagic acid was treated with a large excess of sodium methylate in dry 
methanol in order to effect transesterification. On the addition of dry ether, 
sodium glucoustilate was deposited quantitatively. Analysis of the mother 
liquor showed it to contain two equivalents of ester per equivalent of ustilagic 
acid degraded and this ester group content was shown, by the chromatographic 
procedure described below, to be derived from acetic, L-8-hydroxy-n-caproic, 
L-6-hydroxy-n-caprylic, and n-caproic acids. It was thus evident that the free 
carboxyl group in ustilagic acid was derived from the ustilic acid residue and 
that the ester groups of the ustilagic acid mixture were formed from the two 
B-hydroxyacids as well as the two fatty acids. 


A method for the quantitative estimation of the amounts of the various 


ester groups in ustilagic acid by partition chromatography was established. . 


The technique, an adaptation of the procedures recently described by Neish 
(7, 8, 9), employed an aqueous static phase supported by acid-washed Celite 
535. The chromatography of the entire hydrolysis mixture made unnecessary 
the separation of the acids to be analyzed from the gelatinous precipitate of 
glucoustilic acid and allowed a determination with only 50 mgm. of ustilagic 
acid. The acidified saponification mixture was absorbed on an appropriate 
amount of Celite and the resulting powder was transferred quantitatively to 
the top of the chromatographic column where it was packed to yield an addi- 
tional Celite-water column containing the substances to be fractionated. Of 
the conditions for development tested, the most favorable involved the suc- 
cessive percolation of 40, 80, and 80 ml. amounts of benzene, chloroform, and 
5% butanol in benzene, respectively. The success of the method is illustrated 
1 Manuscript received June 11, 1951. 
Contribution from the National Research Council, Prdirie Regional Laboratory, Saskatoon, 


Sask. Issued as Paper No. 122 on the uses of Plant Products and as N.R.C. No. 2499. 
2 Present address: Inspection Service, Department of National Defence, Cherrier, P.Q. 
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by Plots B and C of Fig. 1 which were established by the titration of successive 2 
ml. portions of effluent. Plot B shows that these conditions effected satisfactory 
separation of the various acids derived from the ester groups of ustilagic acid 
and the identity of the acids in each zone is shown by the plots of Fig. 1,C which 
were obtained by the chromatography of solutions which contained only one 
of each of the four acids. Table I shows that the recovery of the various acids 
from solutions of known concentration was within 3%. 


TABLE I 


THE RECOVERY OF SOME ACIDS BY PARTITION CHROMATOGRAPHY 











No. | Substance | Mgm. added | Mgm. recovered | % recovered 
1 | Acetic acid | 3.44 3. 36 | 97.7 
2 | w-8-Hydroxy-n-caproic acid | 9.24 9.06 98.1 
3 | 1L-@-Hydroxy-n-caprylic acid | 7.10 7.05 99.3 
4 | n-Caproic acid 0. 56 0.55 98.2 





The separation of the lower fatty acids by partition chromatography has 
been described by several investigators (1, 2, 6). In each case, the acids were 
extracted before chromatography. In an earlier publication in this series (3), 
mention was made of the use of the presently described chromatographic tech- 
nique for the isolation of m-butyric and n-caproic acids from degradative re- 
action mixtures. In these experiments, as well as for the determination of Plots 
A and C of Fig. 1, the sodium salts of the carboxylic acids were decomposed 
with hydrochloric acid and the aqueous mixture was absorbed on Celite for 
transfer to the top of the chromatographic column. It is noteworthy at this 
point that the absorption on dry Celite of an equal weight of a solution or 
suspension in water of water-soluble materials with subsequent packing into a 
column forms a convenient means for efficient extractions with any water- 
immiscible solvent with or without accompanying partition chromatography. 
The method is especially useful for the manipulation of small amounts of 
material. Plot A, Fig. 1, shows that the chromatographic technique resolved 
a mixture of the normal C,-C;-fatty acids with a slight overlap for the C,- 
and C;-acid zones. 


The analysis of ustilagic acid showed that the ester group content as deter- 
mined by saponification was accounted for by the four acids separated in the 
chromatogram. It was thus established that all of the products of the alkaline 
hydrolysis of ustilagic acid have been detected. Several ustilagic acid pre- 
parations have been analyzed and in each case the acyl group contents were 
in the following ranges: 0.95-1.05 acetyl, 0.65-0.70 L-8-hydroxy-n-caproyl, 
0.25-0.30 L-6-hydroxy-n-caprylyl, and 0.03-0.07 n-caproyl groups per neutral 
equivalent of ustilagic acid. As pointed out previously (3), the products of the 
alkaline hydrolysis of ustilagic acid cannot be recombined to yield a single 
substance of appropriate molecular weight and ustilagic acid must therefore 
be a mixture. So far, all efforts to separate the components have failed, thus 
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complicating the problem of more precisely defining the structure of the sub- 
stances. A forthcoming publication in this series will show that the amorphous 
substance previously designated glucoustilic acid (3) was a mixture composed 
almost entirely of di-p-glucosyl substituted dihydroxyhexadecanoic and tri- 
hydroxyhexadecanoic acids, the former substance being the major component. 
It is proposed to continue to use the term ustilagic acid to refer to the 
mixture of substances and to designate the various components as the ustilagic 
acids A, B, etc., when the substances have been fully characterized. Similarly, 
the term glucoustilic acid will designate the mixture obtained on the hydro- 
lysis of the ustilagic acid complex. 


Considering the rather unique solubility properties (5) of ustilagic acid, it 
seemed likely that at least a partial separation of its components could be 
effected by fractional precipitation. A crude, ash-free sample of ustilagic acid 
was subjected to fractional precipitation by the successive addition of non- 
polar solvents to a methanolic solution. The material was recovered as five 
fractions in 91% yield (Table II). Fractions 1, 2, 3, and 4 were white powders 
which represented 20, 44, 18, and 6.2%, respectively, of the original sample. 
Fraction 5 was an amber-colored oil which contained some insoluble solids 
and represented only 2.6% of the original sample. No attempt was made to 
characterize this minor component; however, the material contained an un- 
expectedly high acetyl group content. 


As seen in Table II, the first four fractions were weakly dextrorotatory in 
pyridine solution and showed essentially identical neutralization and saponi- 
fication equivalents, acyl group and glucose contents. The saponification 

TABLE II 


THE FRACTIONAL PRECIPITATION OF USTILAGIC ACID 


























Ustilagic acid samples 
Original |Fraction |Fraction |Fraction |Fraction |Fraction - 
sample | No. 1 No. 2 No. 3 No.4 | No.5 

© of the original sample - 20 44 18 6.2 2.6 
[aly (c, 1 in pyridine) +5.6° | +7.0° | +6.9° | +7.5° | +5.3° - 
% Acetyl 5.6 | 5.4 5.6 5.5 5.5 17.4 
&% L-B-Hydroxy-n-caproyl 9.9 8.9 9.6 10.0 8.6 3.2 
% i-B-Hydroxy-n-caprylyl 4.8 5.2 4.7 4.6 4,4 4.1 
% n-Caproyl 0.7 0.4 0.3 0.6 0.9 1.2 
% Glucose 44 45 | 45 48 42 - 
Neutralization equivalent 801 808 | 806 784 822 1220 
Saponification equivalent (A) 396 400 395 392 402 214 
Saponification equivalent based on | 

acidity recovered by chromato- 

graphy (B) 390 410 400 400 420 200 
2B 780 820 800 800 840 - 
Acetyl groups per 2B 1.01 1.02 1.04 1.01 1.06 - 
L-8-Hydroxy-n-caproyl groups per 

2B 0. 67 0.64 | 0.67 0.69 0.62 - 
L-6-Hydroxy-n-caprylyl groups per 

2B 0.27 0.30 0. 26 0.25 0. 24 | - 
n-Caproyl groups per 2B 0.05 0.03 0.02 0.05 0.08 - 
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equivalents, B, calculated from the total acidity found in the effluent of the 
chromatograms, agreed, within + 4%, with the saponification equivalents, A, 
determined directly. The number of moles of an acyl group, X, per neutral- 
ization equivalent of the ustilagic acid sample was calculated from the rela- 
tionship: 


(Mol. wt. of acyl group) 100X 


: ee = % acyl group. 
Neutralization equivalent 





Since glucoustilic acid is composed of structurally closely related com- 
pounds, the substance can be considered, for the following arguments, as a 
pure substance. The analytical results listed in Table II indicate that about 
94% of the sample of ustilagic acid consisted of glucoustilic acid substituted 
by acetyl, L-8-hydroxy-n-caproyl, and L-8-hydroxy-n-caprylyl groups. Since, 
as shown in Table II, the fractional precipitation of a sample of ustilagic acid 
failed to yield fractions of appreciably different acyl group content, the main 
components of the ustilagic acid complex must certainly each possess two 
ester groups per mole. Consequently, it is clear that the six substances listed 
in Table III are the possible components of about 94% of the ustilagic acid 


TABLE III 


SOME POSSIBLE FORMS OF USTILAGIC ACID 








Form | Substituents on glucoustilic acid* | Molecular 





| | weight 
1 | Diacetyl | 696 
2 Monoacetyl-mono-L-6-hydroxy-n-caproyl 768 
3 | Monoacetyl-mono-L-6-hydroxy-n-caprylyl 796 
4 Di-L-8-hydroxy-n-caproyl 840 
5 | Mono-t-$-hydroxy-n-caproyl-mono-L-6-hydroxy-n-caprylyl 868 
6 | Di-t-6-hydroxy-n-caprylyl | 896 





* The molecular weight of glucoustilic acid is assumed to be 612 (8). 


complex. If Forms 4, 5, or 6 were present in appreciable amounts in the ustilagic 
acid preparation, it would follow, since one-half of the substituent acyl groups 
were acetyl, that an appreciable amount of Form 1 would be present. Since 
Forms 4, 5, and 6 all have molecular weights more than 21% greater than 
Form 1, it would be expected that, if ustilagic acid contained one or more of 
Forms 4, 5, or 6, the fractional precipitation would yield fractions with appre- 
ciably different acyl group contents. However, as pointed out above, the frac- 
tional precipitation procedure used failed to accomplish any appreciable reso- 
lution of the ustilagic acid complex. It therefore seems highly probable that 
ustilagic acid does not contain Forms 1, 4, 5, or 6 but consists almost entirely 
of Forms 2 and 3, the monoacetyl-mono-L-6-hydroxy-n-caproyl (65-70%) and 
monoacetyl-mono-L-§-hydroxy-n-caprylyl (25-30%) substituted glucoustilic 
acids—the simplest possible composition for the ustilagic acid complex. 
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Experimental 
Partition Chromatography 


Acid washed Celite No. 535, dried at 500°C. (8), 0.5 gm., was added to a 35 
cm. chromatographic tube of 15 mm. inside diameter previously fitted with a 
perforated porcelain disk which held a cotton plug. This dry Celite was added 
to prevent any leakage of the aqueous phase into the effluent. A disk of filter 
paper just barely greater in diameter than the inside diameter of the tube was 
pushed by means of a plunger to the top of the dry Celite column and the 
latter was firmly pressed. Five milliliters of 0.01 N hydrochloric acid was thor- 
oughly mixed with 5 gm. of the dry Celite and the wet powder was added by 
means of a funnel to the tube. The chromatographic column was prepared by 
adding 30 ml. of the benzene developer and packing the wet Celite by means 
of the plunger to a column about 7 cm. in length. The sides of the tube were 
swept clean by the addition of a disk of filter paper in the manner described by 
Neish (7). The excess benzene was percolated through the column with the 
aid of air pressure until a height of about 4 mm. remained above the column. 
The acidified saponification mixture absorbed on Celite, prepared as follows, 
was now added. A weighed sample of ustilagic acid, about 50 mgm., was heated 
with 0.5 ml. of 0.6 N aqueous sodium hydroxide on the steam bath for 15 min. 
in a loosely stoppered 100 X 14 mm. test tube. The resultant clear solution 
was cooled and 0.1 ml. of concentrated hydrochloric acid was added. The 
resultant mixture was a thick slurry due to the precipitation of glucoustilic 
acid. The test tube was lightly tapped in order to ensure uniform mixing and 
0.5 gm. of the dry Celite was added. On thorough mixing the Celite com- 
pletely absorbed the mixture and dried the test tube. The resulting powdery 
material was transferred as quantitatively as possible to the top of the chro- 
matographic column. The small amount of the mixture which tended to cling 
to the inside surface of the chromatographic tube was gathered by means of a 
filter paper disk as described above. On pressing the Celite mixture with the 
plunger, an additional 7 mm. section of chromatographic column was formed. - 
The resulting column was developed with 40 ml. of benzene followed by 80 ml. 
of chloroform and lastly, 80 ml. of 5% n-butanol in benzene. These solvents 
were equilibrated before use with one-fifth their volume of 0.01 N hydro- 
chloric acid in the manner described by Neish (7). 


In order to determine the positions of the acids in the effluent, successive 
2 ml. volumes were titrated with 0.01 N sodium hydroxide solutions to the end 
point of phenol red indicator. The plots in Fig. 1 represent the best curve 
passing through the points obtained by plotting the volume of alkali in each 
successive titration against the total volume of effluent at the point of col- 
lection. Figs. 1, A and 1, C were established by the chromatography of 0.5 ml. 
solutions of the sodium salts, acidified with 0.1 ml. of concentrated hydro- 
chloric acid. The salt solution used for Fig. 1, A was approximately 0.06 NV with 
respect to each acid. Fig. 1, B shows the results obtained for a sample of 
ustilagic acid. 
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Fic. 1. The separation of some aliphatic acids by partition chromatography. 
A. The separation of the C, to C; fatty acids: 1. n-valeric; 2. n-butyric; 3. propionic; 
. acetic; and 5. formic. 
B. The separation of the acids formed on the hydrolysis of ustilagic acid: 1. n-caproic; 
. L-B-hydroxy-n-caprylic; 3. L-B-hydroxy-n-caproic; and 4. acetic. 
C. The location in the effluent of each of the four acids listed in B. 


it~ 


© 


The results show that the small amount of m-caproic acid which occurs in the 
hydrolyzates of ustilagic acid was adequately separated from the L-8-hydroxy- 
n-caprylic acid. The L-8-hydroxy-n-caprylic acid band was well separated from 
the L-8-hydroxy-n-caproic acid band. Of the several solvents tried for the 
separation of L-6-hydroxy-n-caproic acid from acetic acid, chloroform proved 
the most satisfactory. Since the “‘tail’’ of the band due to the hydroxyacid 
overlapped the “‘head”’ of the acetic acid band, the continuous addition of 


weakly basic indicator solution as prescribed by Neish (7) for the detection of 
acid bands proved less convenient than the collection of 2 ml. samples between 
126 and 136 ml. of effluent and testing the central ones for acidity. If the 
sample tested required less than 0.06 ml. of 0.01 N sodium hydroxide, the 
point of its collection was taken at the point of separation and the remaining 
samples were combined with either the L-8-hydroxy-n-caproic or acetic acid 
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bands depending on the side of the test sample on which they were collected. 
Thus, in the actual analysis of a ustilagic acid sample, the acidity in the first 16 ml. 
of effluent was attributed to m-caproic acid, that in the next 44 ml. to L-£- 
hydroxy-n-caprylic acid, the acidity found from 60 ml. of effluent to the above 
described test sample was taken as due to L-6-hydroxy-n-caproic acid and the 
remainder of the effluent was titrated for the acetic acid. The discontinuity in 
the acetic acid band, as shown in Plots B and C of Fig. 1, was usually detected. 
It was probably brought about by the change from chloroform developer to 
the 5% butanol in benzene developer. 


Transesterification of Ustilagic Acid 


A sample of ustilagic acid, 0.496 gm. (0.630 m.e:) which on analysis was 
found to possess 0.96 acetyl, 0.70 L-8-hydroxy-n-caproyl, 0.30 L-8-hydroxy-n- 
caprylyl, and 0.06 n-caproyl groups per neutral equivalent, 787, was dissolved 
in 10 ml. of dry methanol. A solution, 10 ml., of 0.27 N sodium methylate 
in dry methanol was then added and the mixture was left at room 
temperature for one hour. On the addition of 60 ml. of dry ether a white 
precipitate formed which was collected by filtration and washed three 
times with 20 ml. volumes of ether. To the filtrate collected in a pressure 
bottle, 25 ml. of water was added and the mixture was rapidly made neutral 
to phenophthalein indicator with N hydrochloric acid. After carefully ad- 
justing the pH to the end point of the indicator, 25 ml. of 0.1 N sodium hy- 
droxide solution was added and the capped bottle was shaken for 16 hr. at 
room temperature. Titration of the excess alkali with standard 0.1 N hydro- 
chloric acid showed that, as compared to a blank, 1.26 m.e. of the alkali had 
been consumed. This corresponds to 2.00 equivalents of ester per neutral 
equivalent of ustilagic acid. The neutral solution was evaporated to dryness 
and the salts were dissolved in water to yield 5 ml. of solution. The analysis of 
this solution by the above described chromatographic technique showed it to 
contain 0.03 m.e. of m-caproic acid, 0.17 m.e. of L-8-hydroxy-n-caprylic acid,,. 
0.46 m.e. of L-6-hydroxy-n-caproic acid, and 0.76 m.e. of acetic acid as their 
sodium salts. The reason for the slightly high acetic acid content is not known. 
The above described precipitate was readily soluble in water. On the addition 
of 5 ml. of N hydrochloric acid, glucoustilic acid precipitated and this pre- 
cipitate was collected on a weighed sintered glass funnel, washed several times 
with water, and dried in vacuo at 65°C. for eight hours. The weight was 0.383 
gm. or 99.2% of that expected on the basis that one equivalent of ustilagic acid 
yields 612 gm. of glucoustilic acid. 





The Fractionation of Ustilagic Acid 


Ustilagic acid, 5.00 gm., was dissolved in 50 ml. of warm dry methanol. The 
solution was filtered free of a slight turbidity and left at — 14°C. for three hours. 
The granular precipitate, Fraction 1, which formed was gathered on a Biichner 
funnel where it was pressed as dry as possible. The filtrate was diluted with 
50 ml. of diethyl ether, 25 ml. of benzene, and 50 ml. of Skellysolve C. On 
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cooling overnight at 4°C., a granular precipitate, Fraction 2, formed. This 
material was isolated as above and the filtrate was diluted with 100 ml. of 
Skellysolve C and left overnight at —15°C. The precipitate which formed was 
collected to yield Fraction 3. The filtrate was evaporated to dryness im vacuo 
and the semisolid residue was washed three times by trituration with 25 ml. 
volumes of ether. The powdery white material which remained formed Frac- 
tion 4. The ether solution was evaporated to dryness to yield Fraction 5—an 
amber-colored oil contaminated with some insoluble solid phase. The fractions 
were dried in air, then im vacuo at 65°C. for three hours. The compositions of 
these materials are shown in Table II. The neutralization and saponification 
equivalents and the glucose contents were determined as previously de- 
scribed (5). 


Acknowledgments 


The valuable suggestions pertaining to partition chromatographic technique 
provided by Dr. A. C. Neish are gratefully acknowledged. 


References 
1. EtspEn, S. R. Biochem. J. 40: 252. 1946. 
2. FAIRBAIRN, D. and Harpur, R. P. Nature, 166: 789. 1950. 
3. Lemieux, R. U. Can. J. Chem. 29: 415. 1951. 
4. Lemieux, R. U. and GIGUERE, JAcQUEs. Can. J. Chem. 29: 678. 1951. 
5. Lemieux, R. U., THorn, J. A., Brice, CAROL, and Haskins, R. H. Can. J. Chem. 29: 
409. 1951. 
6. MoyLe, VIVIEN, BALDWIN, E., and SCARISBRICK, R. Biochem. J. 43: 308. 1948. 
7. NetsH, A.C. Can. J. Research, B, 27:6. 1949. 
8. NersH, A.C. Can. J. Research, B, 28: 535. 1950. 
9. NetsH, A. C. National Research Council of Canada, Report 46-8-3 (Revised). August, 


1950. Saskatoon. 











i 
i 
| 
j 
| 
| 

















THE NITROLYSIS OF HEXAMETHYLENETETRAMINE 
VII. INTERMEDIATES IN THE NITROLYSIS' 


By L. BERMAN, R. H. MEEN, AND GEORGE F. WRIGHT 


Abstract 


The evidence presented by Vroom and Winkler that 3,5-dinitro-3,5-diaza- 
piperidinium nitrate is an intermediate compound in the conversion of hexamine 
dinitrate to Cyclonite has been vitiated by the demonstration that it cannot 
survive the reaction conditions in which it supposedly was formed. Presumably 
the formation of 3,5-dinitropiperadinium nitrate occurs during dilution by de- 
composition of 1-dimethylolaminomethyl-3,5-dinitro-1,3,5-triazacyclohexane 
and/or 1-methylol-3,5-dinitro-1,3,5-triazacyclohexane. Evidence favoring the 
latter as the stable intermediate is afforded by demonstration that dimethylol- 
nitramide also is present. When the cold nitrolysis mixture is treated with acetic 
anhydride rather than water the intermediate is esterified and nitrolyzed to 1- 
acetoxy-7-nitroxy-2,4,6-trinitro-2,4,6-triazaheptane and 1,7-diacetoxy-2, 4, 6- tri- 
nitro-2,4,6-triazaheptane. 


It is obvious that the nitrolysis of hexamine, which involves at least three 
particles of nitric acid and one particle of the amine, must proceed to the 
eventual formation of Cyclonite (V) through intermediate steps. Because of 
the rapidity of reaction, intermediate compounds representing such steps 
could not be isolated in this laboratory. However, the isolation of 1,9- 
diethoxy-2,4,6,8-tetranitro-2,4,6,8-tetrazanonane by ethanolysis of a small 
amount of the dinitroxy analogue (III, R = NOs) produced in the normal 
nitrolysis of hexamine with 99% nitric acid (5) indicated that 1-dimethylol- 
aminomethyl-3,5-dinitro-1,3,5-diazacyclohexane (I) may have been an 
intermediate. Furthermore the formation of 1,7-dinitroxy-2,4,6-trinitro-2,4, 
6-triazaheptane (IV, R = NOs2) by nitrolysis of hexamine with nitric acid 
containing nitrogen pentoxide (5) indicated that 1-methylol-3, 5-dinitro-1, 3, 5- 
triazacyclohexane (II) was present in the reaction mixture as a derivative 
either of hexamine or of (I). The conversion of hexamine to Cyclonite has thus ° 
been considered as a series of tertiary amine nitrolyses following the sequence, 
hexamine —~ 1 —> II > V. 


Recently Vroom and Winkler (10) have presented a different interpretation 
of Cyclonite formation on the basis of the isolation of 3,5-dinitro-3,5-diaza- 
piperidinium nitrate (VI). They consider VI to be an intermediate compound 
of appreciable life in the reaction mixture and they interpret the formation of 
Cyclonite as a combined nitrolysis and nitration following the sequence, hexa- 
mine > 1—VI—-V. 


Neither the amount of nitric acid used for preparation of VI nor the yield 
using 97% nitric acid was reported by Vroom and Winkler. A ratio of 47-49 
moles of nitric acid per mole of hexamine was chosen as intermediate in the 
ratios used in their kinetic work. Under these conditions it was found that a 


1 Manuscript received in original form January 30, 1951, and as revised, May 15, 1951. 
Contribution from Chemical Laboratory, University of Toronto, Toronto, Ont. 
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yield of 0.5-2.5% of Cyclonite (V) always was formed, although it was not 
isolable unless the drowned reaction mixture was boiled. The yields of V in 
Table I are based on unboiled reaction liquors and are comparable with those 
of Vroom and Winkler if they corrected only for the slight solubility of V in 
water. Presumably they did not boil their reaction liquors since otherwise they 
would have reported slight yields of V in all preparations. 


TABLE I 


NITROLYsIS OF 0.01 MOLE HEXAMINE DINITRATE IN 0.47 MOLE OF NITRIC ACID 

















Temperature, 
Reaction Concentration | pa | Yield 
time, aqueous 
sec. nitric acid | VI V 
| Initial | Final | % | % 

45 99 —38 —20 10 
45 . 99 | wa) 13 
45 98 | -50 | —50 0 
45 100 —40 —35 23 

130 97 —40 | —20 57 7 
60 | 99 | -40 | 25 | 3 
60 | 99 | —#* | =<” 62 

130 97 —40 —30 57 0 

120 97 —40° | —31 . 62. | 0 
60 98 |} -40 | 22 | 43° 
60 88 | —50 0 53 Trace 
45. 97 | — 40 —35 40 None 
45 97 | —o | =-% 36 | None 
45 97 | 40 —30 48 | None 
60 | 97 _ —40 51 None 
60 97 —45 —40 54 | None 
60 97 | ‘42 —33 33. | None* 
60 97 | —40 —35 52 | None 








* Prior to dilution 50 ml. of absolute ether was added and then decanted from the precipitate. 


The conditions of temperature, concentration, and excess of acid must be 
controlled carefully. Thus with 47 equivalents of 97% nitric acid a temper- 
ature rise 5-10 degrees higher than those specified in Table I will produce 5-8% 
of Cyclonite isolable from the unboiled liquors. Likewise reaction with 92 
moles of 97% nitric at —40° to —30°C. causes formation of 4-7% of Cyclonite. 
The effect of these factors is exemplified by the experiments shown in Table I 
wherein nitric acid at concentrations of 98-100 were used and the reaction, 
once started, could not be held within the specified temperature limits. 


The recommended preparative method of Vroom and Winkler using 88% 
nitric acid was repeated and found to yield 10% more of VI than they reported. 
The remainder of the experiments reported in Table I were carried out in 97% 
nitric acid. Yields of 33-62% of the theoretical quantity of VI were obtained 
free from contaminant Cyclonite (V) when the reaction period was varied 
from 45 to 130 sec. 


It was noted that when the 97% acid reaction mixture was diluted with ice 
the solution was at first clear, but it became increasingly turbid over a period 
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of about one minute. It seemed possible from this behavior that the formation 
of 3,5-dinitro-3,5-diazapiperidinium nitrate (VI) occurred in the aqueous 
diluate rather than in the original reaction mixture. Under these circumstances 
the intermediate indicated by the difference found by Vroom and Winkler 
between hexamine consumption and Cyclonite producibility should be either 
I or II. Demethylolation of such substances in cold dilute acid might then 
produce VI. 


A test of this hypothesis that VI was not present as an intermediate of appre- 
ciable life in the nitrolytic medium but, instead, was formed after aqueous 
dilution might be afforded by determining the stability of VI in 97% nitric 
acid. While direct comparison with nitrolysis of hexamine was complicated 
by the low solubility of VI in the cold strong acid, it was evident by the 5° rise 
in temperature that a reaction had occurred. The results obtained after sub- 
sequent dilution and destruction of recovered VI in hot 70% nitric acid are 
shown in Table II. In every case the formation of Cyelonite demonstrated 
that 3,5-dinitro-3,5-diazapiperidinium nitrate was not stable under the con- 
trolled nitrolytic conditions presumably employed by Vroom and Winkler. 


Despite the fact that the stability of VI in 97% nitric acid was not altered by 
inclusion of 5% hexamine dinitrate (Expt. 1, Table II) it might be argued by 
some that VI could survive the actual reaction system comprising degradation 
fragments dissolved in the acid. We partially simulated such conditions by 
treating hexamine dinitrate with 97% nitric acid under the controlled condi- 
tions previously outlined, and subsequently added 3,5-dinitro-3,5-diaza- 
piperidinium nitrate using the same controlled conditions over the same length 
of time. The results, shown in Table III, confirm that VI is unstable under the 
controlled reaction conditions, although (as might be expected) less Cyclonite 
is formed than in the absence of hexamine dinitrate. 


It is thus evident that 3,5-dinitro-3,5-diazapiperidinium nitrate (VI) is 
not yet formed during the 45-60 sec. reaction period with hexamine dinitrate 
TABLE II 


NITRATION OF 3, 5-DINITRO-3, 5-DIAZAPIPERIDINIUM NITRATE 
WITH 0.235 MOLE 97% NITRIC ACID 














| Temperature, i 
Moles Reaction a ba bine 
amine nitrate | time, aa 

sec. | | | VI V 

| | Initial Final q | % 
005* | 60 | -s0 | -28 | 4a | 146 
.004 60 —55 —45 | 68 2 
004 60 —40 —45 | 75 | 1 
004 60 —45 -4 | 7 2 
003 | 60 |} -40 | -32 | 50 | 18 
003 | 60 | =m 1: =e > #2 ty 
.004 120 —40 —38 62 9 
004 | 45 (48 —38 50 | 2 





* Contained 5% of hexamine dinitrate. 
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in 97% nitric acid at —40°. since otherwise the isolated product would have 
contained Cyclonite. The formation of (V1) during dilution attests the extreme 
instability of the methylolamines (1) and (II) in aqueous acid, and renders 
doubtful that either will ever be isolated from this medium. 


However isolation of derivatives of (1) or (Il) wherein hydroxyl groups 
were blocked should be possible, and this was attempted in two ways with 
acetic anhydride. In the first instance the nitrolysis system was chilled below 
— 55°C. and acetic anhydride was added slowly so that the temperature did 
not exceed — 25°. As might have been expected this produced Cyclonite since 
the water content of, the nitric acid was reduced below 2%.* In addition. to 
this 50% yield a 25% yield of 1-acetoxy-7-nitroxy-2,4,6-trinitro-2,4,6- 
triazaheptane (IV, R = CH;CO, R’= NO.) was obtained. A variation of this 
procedure involved addition of the nitrolyzed system into the cold acetic 
anhydride. The Cyclonite yield was about the same but the second product 
was not the mixed ester, but instead, 1,7-diacetoxy-2,4,6-trinitro-2,4,6- 
triazaheptane (IV, R, R’= CH;CO) in 15% yield together with a persistent 
impurity which could not be isolated as a chemical individual. 


TABLE III 


NITRATION OF 3, 5-DINITRO-3, 5-DIAZAPIPERIDINIUM NITRATE WITH HEXAMINE DINITRATE 
TREATED IN 0.47 MOLE 97% NITRIC ACID AT —40° TO —30° OVER ONE MINUTE 

















Temperature, Yield, moles 
Moles Moles Time, | << 
HADN VI vVI-V | 

sec. | Initial | Final so -¥ 

0.01 0.01 60 —38 | -30 ‘| 0.0146 | 0.0002 
0.01 0.01 60 ~~ | 0.0002 
0.01 0.01 120 _— —30 0.0142 | 0.0004 
0.01 0.0025 60 | —40 —28 0.0084 | 0.0001 
0.005 0.005 60 | -@ | +29 0.0061 | 0.0008* 
0.005 0.01 60 | -38 | —30 0.0105 | 0.0011* 

| 











* Under these conditions the hexamine dinitrate alone would account for 0.0004 moles of Cy- 
clonite. 


Neither of these products (containing four carbon atoms) could have been 
derived from VI (which contains three carbon atoms) unless resynthesis of 
hexamine fragments occurred (11, 1). The high purity of the Cyclonite which 
was obtained in the same reaction indicates that resynthesis did not occur. 
An intermediate must therefore be sought which contains four or more carbon 
atoms. 


Evidence contributing toward specification of this intermediate has recently 
been presented by Dunning and Dunning (7). They nitrolyzed hexamine dini- 


* The sharp transition in nitrolytic effect when the concentration of water is less than 2% has 
been attributed by some to the consequent stabilization of nitronium or nitracidium salts. While 
such stabilization has amply been demonstrated it does not necessarily follow that either of these 
salts per se is directly involved in nitrolysis. Instead in proper environment, an amine nitrate 
may become an amine-nitronium salt analogous with, but alternate to, the water—nitronium type 
known as nitracidium salt. Indeed, presence of the latter may be detrimental to formation of the 
former. 
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trate in 97% nitric acid over nearly six minutes, drowned it in diethyl ether, 
and obtained a gum which yielded 1-ethoxymethyl-3,5-dinitro-1,3,5-triaza- 
cyclohexane in 17% yield when it was treated with ethanol. This is pre- 
sumptive for a larger amount of the 1-nitroxy analogue in the gum. Although 
they isolated no 3,5-dinitro-3,5-diazapiperidinium nitrate (VI) they seemed 
not to be certain of its absence. This uncertainty probably was due to their 
isolation of 3-nitramino-2-nitro-2-azapropylammonium nitrate which might 
have been formed from VI by degradation. Certainly they demonstrated that 
a cyclic compound comprising more than three carbon atoms survived in the 
nitrolysis system at —28.5° for more than five minutes. 


Both of the linear compounds (IV) which we obtained by treatment of the 
nitrolysis system at —40° with acetic anhydride were undoubtedly derived 
either from 1-hydroxymethy1-3,5-dinitro-1,3,5-triazacyclohexane (II) or 1- 
dimethylolaminomethy1-3,5-dinitro-1,3,5-triazacyclohexane (I). This is evi- 
dent in the fact that the tvpe of ester linkage obtained was dependent on the 
mode of addition of acetic anhydride. Since reaction in a side chain is more 
facile than in the ring (otherwise Cyclonite would not be the principal product 
under normal conditions of reaction) the first step in the formation of IV will 
be either esterification of II, or nitrolysis of I at linkage ‘‘A’’. In either case 
the product will be VII, wherein OR will be nitroxy or acetoxy depending on 
the relative concentrations of nitrogen pentoxide and acetic anhydride.* The 
second step, evidently slower than the first, involves nitrolysis of the ring at 
linkage ‘‘B’’. In consequence OR’ will preponderantly be acetoxy because of 
the excess of acetic anhydride when this slower reaction occurs. No other 
explanation can account for the isolation of IV (R = NOs, R’= CH;CO) 
largely uncontaminated with the two alternative symmetrical esters. 


The evidence thus far presented by Dunning, Dunning, and ourselves cannot 
differentiate between | and II as the stable reaction intermediate from which 
dinitrodiazapiperidinium nitrate (VI) was derived by hydrolysis with water. 
A choice ought to be possible, however, if dimethylolnitramide (VIII) could 
be found in the hydrolyzate. If the intermediate were II then VIII ought to 
be found as well, whereas only formaldehyde and ammonia would be obtained 
if 1-dimethylolaminomethy1-3,5-dinitro-1,3,5-triazacyclohexane were the 
progenitor in the hydrolyzate which produced dinitropiperidinium nitrate (V1). 
A simple method for detection of VIII involves neutralization of the hydro- 
lyzate with ammonia in presence of formalin, whereby 1, 5-endomethylene-3, 
7-dinitro-1,3,5,7-tetracycloédctane (IX) is precipitated if dimethylolnitramide 
(VIII) is present (4). 


* It is assumed that the equilibrium Ac.O + 2HNO; = N20; + 2HOAc prevails in the nitric 
acid—acetic anhydride system and that acetyl nitrate is practically absent. The presence of nitrogen 
pentoxide has been suggested by Jones and Thorn (8) and the absence of acetyl nitrate by the demon- 
stration (9) that this substance will not cause nitrolysis of hexamine. It was surprising to observe 
that Dunning and Dunning (7) continually mention acetyl nitrate as a nitrolytic agent. If these 
authors actually used the nitric acid—acetic anhydride mixture then a correction ought to be issued 
by them in consideration of the danger in manipulation of true acetyl nitrate. 
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Unfortunately, in the interest of exact correlation, the presence of VIII 
cannot be demonstrated in a reaction mixture containing more than 20 moles 
of nitric acid per mole of hexamine (4). For this reason the conditions which 
Vroom and Winkler probably used could not be simulated for this test. How- 
ever when we used 20 moles of 97% nitric acid per mole of hexamine at — 40° 
to —20° we were able to isolate IX in quantity representing 8% of the dimethy- 
lolnitramide which would have been formed by nitrolysis of 1-dimethylol- 
aminomethy1-3,5-dinitro-1,3,5-triazacyclohexane (1) to give 1-methylol-3, 
5-dinitro-1,3,5-triazacyclohexane, I]. The other product of the reaction was 
dinitrodiazapiperidinium nitrate contaminated with hexamine dinitrate but 
not with Cyclonite. It is therefore evident that at least some of II has an appre- 
ciable lifetime under these reaction conditions. The low vield does not, of 


course, preclude the simultaneous presence of I. 


In summary it should be observed that, while the isolation of 3, 5-dinitro-3, 
5-diazapiperidinium nitrate does not establish it as a stable intermediate in the 
nitrolysis of hexamine to Cyclonite, it cannot be excluded as an individual in 
the reaction sequence which is involved in the complete nitrolysis. Its ease of 
nitration, characteristic of a weak secondary amine (6) precludes the necessity 
for nitramine formation by nitrolysis, which has been observed with a less 
easily nitrated amine (2). No evidence yet at hand excludes the possibility 
that II may simply demethylolate to give VI which is easily nitrated to V. 


Experimental* 

3, 5-Dinitro-3, 5-diazapiperidinium Nitrate (VI) and Cyclonite, V 

The requisite concentration of nitric acid was prepared from colorless 100% 
and 70% acids. A 125 ml. flask equipped with thermometer was immersed in 
a dry-ice bath until it began to freeze, was then transferred to a bath at —40°C., 
and the amine nitrate added at once. The flask was swirled for the requisite 
time and then chilled in the dry-ice bath while sufficient ice was added at once 
to bring the volume to 50 ml. The temperature rose to about — 18° during this’ 
dilution. When the mixture had warmed to 0° it was filtered and the solid 
washed with cold 95% ethanol and ethyl ether. The vacuum-dried product 
melted variously from 98° to 103°C. regardless of the content of Cyclonite. 


The amount of Cyclonite was determined by treating 1/10th gm. samples 
of product with 1.5 ml. of 70% nitric acid. After the mixture was heated to 
boiling it was let stand without additional heat until strenuous decomposition 
occurred after several minutes. After dilution with 2.5 ml. of water the Cyclo- 
nite Was filtered and washed with ethanol and ether. The vacuum-dried pro- 
duct melted variously from 196°-202°C. Recrystallization from 70% nitric acid 
raised this melting point to 204°-205°. 


The yields of Cyclonite obtained in this manner do not include those amounts 
dissolved in the reaction liquors. If such reaction liquors are boiled until gas 
evolution is complete and then are cooled and half neutralized with alkali, 


* All melting points have been corrected against reliable standards. 
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additional Cyclonite is precipitated which augments the original yield by 
0.5-2.5%. The yields reported in Tables I, II, and III represent: Cyclonite 
isolated from unboiled reaction liquors. 


3, 7-Endomethylene-1, 5-dinitro-1, 3, 5, 7-tetrazacycloéctane (IX) 

The procedure was identical with that described above except that 2.66 gm. 
(0.01 mole) of hexamine dinitrate was treated with 8 ml. (0.20 mole) of 97% 
nitric acid at —45° to —25° over two minutes and then poured into fine ice. 
After five minutes the diluted reaction mixture was filtered rapidly at — 15°. The 
filtrate was received into 150 gm. of ice containing 2 ml. of formalin. This cold 
filtrate was rapidly but cautiously and repeatedly neutralized with about 18 
ml. of concentrated ammonia to pH 5.6. After three hours at +5° the endo- 
methvlenedinitrotetrazacycloéctane was filtered off, wt. 0.83 gm. This 4% 
vield was identified by mixed melting point. Decomposition with hot 70% 
nitric acid did not yield any Cyclonite. 


1-Acetoxy-7-nitroxy-2, 4, G-trinitro-2, 4, 6-lriasaheptane (IV, R = NOz; 
R= CH;CO) 

After 20 ml. (0.47) mole) of 97% nitric acid had been chilled to —45°C. and 
had partially crystallized it was treated at once with 2.66 gm. (0.01 mole) of 
hexamine dinitrate. The mixture was stirred for one minute while the tem- 
perature rose to —35°C. and then was chilled to —55° during one minute. To 
this stirred mixture was added over seven minutes 48.5 ml. (0.5 mole) of acetic 
anhydride with cooling so that the temperature was maintained between 
—35° and —25°. 

A precipitate (Cyclonite, V) began to form after about half the anhydride 
was added. When the addition was complete the suspension was warmed to 
— 20°C. and filtered. The Cyclonite (1.25 gm. or 56% of theoretical) melted 
at 204.5°-205°. It was evidently free from 1,3,5,7-tetranitro-1,3,5,7-tetra- 
zacycloéctane (3) since 70% could be recovered (m.p. 205°-206°) by destruction 
of unstable impurities with boiling nitric acid. 


The filtrate from which the Cyclonite was removed was diluted into 200 gm. 
of finely ground ice, and 120 ml. of 40% aqueous potassium hydroxide was 
added. The vacuum-dry compound which precipitated weighed 1.60 gm. (m.p. 
126°-160°C.) after washing with cold ethanol and ether. This product was 
extracted with 12 ml. of dry acetone at 25°C. to leave 0.6 gm. of potassium 
nitrate. The extract was diluted with 30 ml. of petroleum ether (b.p. 40°-60°). 
The precipitate (0.62 gm.) melted at 143°-143.5°. Repeated purification from 
acetone—petroleum ether increased this melting point to 146°-147°C. (de- 
comp.). Cale. for CgsHii1N7Ou: C, 20.2; H, 3.11; N, 27.4%. Found: C, 19.8; 
H, 2.96; N, 27.9%. When this compound was crystallized by three minute 
reflux in ethanol it was converted to 1l-acetoxy-7-ethoxy-2,4,6-trinitro-2,4, 
6-triazaheptane, m.p. 107°-108° (IV, R = Et, R’= CH;CO) (5). Cale. for 
CsHisN 6Oo9: C, 28.5; N, 24.7%. Found: C, 28.2; N, 24.8%. Further proof 
was obtained by treatment of IV (R = NO», R’= CH;CO) with sodium ace- 
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tate in acetic acid. It was thus converted to IV (R, R’= CH;CO) and iden- 
tified by melting point, mixed melting point, and comparison of the X-ray 
diffraction patterns. 


The principal lines of the X-ray diffraction patterns are recorded for these 
substances in Table IV together with that of 1-ethoxymethyl-3,5-dinitro-1,3, 
5-triazacyclohexane (VII, R = Et) in order to show nonidentity of the latter 
(7) with the compound specified as IV (R = Et, R’= CH;CO). 

TABLE IV 


X-RAY DIFFRACTION; Cu, Ka RADIATION; d, RX 








Intensity, I/Io 












































Substance —— 
ja}2] 8 ee S24 7 ie SS 
aa eta | | 
4. 57/3. 31| | | | | | 
IV (R = NO.,R’= Ac) | | 4.76 | 2.80 | 12.2 | 3.03 | 6.15 | 4.11 | 3.73 | 5.11 
|2. 92/3. 48) | 
IV (R = Et,R’= Ac) |2.37|1.89| 4.14 | 4.52 | 6.13 | 3.26 | 2.69 | 2.97 | 3.92 | 5.20 
: '8.562.10| 4.32 | 3.03 | 3.28 | 2.89 | 3.75 |13.1 | 3.97 | 5.08 
IV (R, R’= Ac) | | | | | 
(6.33}4.77) 1.97 | 3.38 | 2.95 | 2.77 | 2.72 | 3.61 | 4.06 | 4.56 
\2. 567.31) 2.46 | 4.03 | 3.13 | 3.04 | 3.79 | 3.62 | 8.06 | 5.77 
VII (R =.Et) | | | | 
2.24/2.83, 2.33 | 2.67 | 2.89 | 6.69 | 6.13 | 3.40 | 4.56 | 5.20 
| | | | 





1, 7-Diacetoxy-2, 4, 6-trinitro-2, 4, 6-triazaheptane 

The nitrolysis was identical with that of the previous experiment. The re- 
action mixture at --55° was then added over 45 sec. to 0.5 mole of acetic 
anhydride at —70°C. The temperature of the cooled mixture rose to —35° 
and then receded to —50° where it was maintained for five minutes. A pre- 
cipitate appeared after the second minute. The suspension was warmed to’ 
—35° during three minutes and then was filtered to remove 0.75 gm. of Cy- 
clonite, m.p. 202°-204°. 


The filtrate was diluted into 200 gm. of fine ice to which 130 ml. of 40% 
aqueous potassium hydroxide was added. The vacuum-dry precipitate weighed 
1.40 gm. after filtration and cold ethanol- and ether-washing, m.p. 152°-180° 
(soft at 142°). Decomposition of an aliquot with hot 70% nitric acid showed 
that it contained 15% of Cyclonite, augmenting the yield of this substance to 
44% of theoretical. 


The crude product was extracted with hot chloroform and this evaporated 
extract crystallized from carbon tetrachloride and then from 1: 4 water-ethanol 
to yield 0.52 gm. (15% of theoretical) of 1,7-diacetoxy-2,4,6-trinitro-2,4, 
6-triazaheptane, m.p. 157°. A mixed melting point with an authentic sample 
was not depressed, and the X-ray powder patterns for the two samples were 
identical. 
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MOLTEN SALTS 


ELECTRICAL CONDUCTIVITY IN THE SYSTEM SILVER 
CHLORIDE - SILVER NITRATE! 


By R. C. SPOONER? AND F. E. W. WETMORE 


Abstract 


Conductivity and density data have been obtained for the system silver 
chloride - silver nitrate. The Arrhenius activation energy for electrical mi- 
gration in molten silver chloride is constant at 1280 cal. mole from 460 to 
530°C.; for silver nitrate there is a variation from 3300 cal. mole at 220° to 
2700 at 320°C., which indicates a diminution of structural forces in molten silver 
nitrate with increase in temperature. The activation energy for binary melts of 
the two salts at 320°C. is constant at 2700 cal. mole from 0 to 20 mole % silver 
chloride; Frenkel’s simple equation for the dependence of the activation energy 
on composition is not supported by this work. 


Considerable progress has been achieved in the theoretical treatment of 
the behavior of dilute solutions of electrolytes in both aqueous and non- 
aqueous media through study of processes of transport, namely diffusion 
(transport of matter), viscosity (transport of momentum), electrical con- 
ductivity (transport of charge), and electrical migration (transport of matter 
and charge simultaneously). In the assessment of the behavior of molten 
salt systems it seems probable that similar studies can yield information of 
value. Moreover, molten salts are in general very concentrated electrolytes; 
study of these may even help in developing more adequate theories for concen- 
trated aqueous solutions than exist at present. 


The determination of diffusion coefficients in salt melts would appear to be 
quite difficult. The viscosity and electrical conductivity can be determined 
with precision, but most of the considerable body of data reported lacks the 
accuracy required for exact interpretation. Transference by electrical mi- 
gration in molten salts is not wholly analogous to that in aqueous solutions; 
this matter will be discussed in a later report. 


Materials and Procedure 


All water used was of conductivity quality. Silver nitrate of reagent grade 
was recrystallized from water three times, with a final yield of 60%. The 
crystals were dried first by gentle heating and then by fusion. Silver chloride 
was prepared by diluting a saturated solution of silver nitrate 30: 1 with water 
and then adding dilute hydrochloric acid in 5% excess. The precipitate was 
washed 15 times with water and dried, first by suction and then by slow heating 
well below the melting point. These operations were carried out in semi- 
darkness to yield a pure-white product. The binary salt melts were made up 
by heating together weighed amounts of the dry salts. It was found important 

1 Manuscript received April 23, 1951. 


Contribution from the Electrochemical Laboratory, University of Toronto, Toronto, Ont. 
2 Present address: Aluminium Laboratories, Ltd., Kingston, Ont. 
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in transferring salt melt from one container to another to avoid crystallization 
during the transfer, since compositional segregation occurs in the formation 
of new phases. 

Temperatures were maintained in the cell by placing it in a deep hole in a 
40-lb. cylindrical copper slug, heated electrically. The amount of thermal 
insulation outside the heater was such that the slug could be cooled at a rate 
of about 20° per hour with the heating current off. Temperatures were 
measured with Chromel—Alumel junctions sheathed in thin Pyrex or silica 
tubes. The couples were standardized in duplicate (+0.2°) at the melting 
point of tin (231.8°C.) and that of lead (419.4°C.); for work at higher temp- 
eratures some couples were standardized at the melting point of antimony 
(630.5°C.). Interpolations between the fixed points were made with the aid 
of the Smithsonian Tables. 

The conductivity bridge was essentially similar to that described by Jones 
and Josephs (7). It was constructed of General Radio components, certified 
to be exact within 0.1%, and found by calibration to be within 0.05% or 
better. Lead corrections were made on all measured values. The voltage 
input to the bridge was kept as low as possible, 0.05 to0.3 v.. A conventional 
two-stage electronic amplifier was used to raise the output signal from the 
bridge to audible level. Most of the determinations were made with alter- 
nating current of frequency 2200 cycles sec.~', from an electronic oscillator. 
To ensure the absence of polarization effects, resistances were determined at 
400, 800, 1600, and 8200 cycles sec.“ as well; no variation was found. 

Several types of conductivity cells in Pyrex and silica were prepared and 
tested. They were all comprised of vertical capillary tubes joined to tubes of 
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Fic. 1. Form of the conductivity cell. 
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wider bore to carry the electrodes. The most convenient type was that shown 
in Fig. 1. It is a ‘‘dip” type, which admits of easy filling, draining, and 
cleaning. Undesirable conductivity can occur horizontally across such cells 
if the temperature is sufficiently high to increase the conductivity of the cell 
walls to a significant value. Thickening of the cell walls is of some help, but 
it is clear that such cells are not suitable for high temperatures. Tests were 
made to ensure that false conductivity was not present under the conditions 
used here. The cell was immersed in the salt melt contained in a test tube set 
in the copper slug; the conductivity was found to be independent of the exact 
level of the melt in the test tube. The electrodes consisted of circular platin- 
ized platinum disks butt-welded to platinum leads; the disks fitted the bore 
of the larger part of the cell and rested on a narrow shelf formed at the junction 
of the capillary tube with larger tube. Mica disks on the platinum leads kept 
the latter centered in the tubes. The electrodes were not fixed in place, for 
removing and replacing them did not alter the conductivity by more than 
1: 3000. 


Temperature gradients in the melts were determined. There was no 
horizontal gradient detectable; a total vertical variation of 0.8° over the 
height of the cell was observed and allowance made for this in placing the 
thermocouple, so that an average temperature was obtained. The error 
introduced into the conductivity number by the existence of this gradient is 
estimated to be not greater than 1: 2000. 


The shape factors of the conductivity cells (about 500 cm.) were de- 
termined with demal potassium chloride at 25° and calculated through the 
data of Jones and Prendergast (8), with reproducibility better than 0.05%. 
Corrections were made for the thermal expansion of the cells at higher tempera- 
tures. Determinations made at the beginning of and late in the series of runs 
with melts showed no variations of the shape factors. 


Density determinations were made by the buoyancy method, with bobs of 
silver and of silver encased in Pyrex. The bob was suspended by a fine 
platinum wire from a hook on the pan of an analytical balance. The level of 
the liquid was adjusted so that the same length of suspending wire was im- 
mersed in each run. Calibrations were made with deaerated conductivity 
water; 7m vacuo and thermal volume corrections were made. In some cases a 
- small cylindrical heater was placed about the suspending wire to prevent 
solidification of the melt on the wire. This was of value for determinations 
made near the liquidus temperature of the system. 


In all conductivity and density determinations on a particular sample the 
temperature was increased and decreased at least twice over the range studied 
to show whether the observed quantities were single-valued in the temperature. 
Melts high in silver nitrate proportion showed inconsistencies after excursions 
above about 350°C., probably due to slight decomposition. The range of 
temperature was restricted accordingly. 
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Experimental Results 


The specific conductivity and density of silver nitrate melts are shown in 
Table I; interpolations were made on large-scale plots. Fig. 2 shows the 
consistency of the conductivity data. Table II gives the interpolated data 
for silver chloride melts, Table III for binary melts of the two silver salts. It 
is striking that the variation with composition is so small over the range from 
0 to 18 mole % silver chloride. Table IV gives the density data for the 
binary melts in a range of temperature of interest for comparisons. 
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Fic. 2. Specific conductivity of molten silver nitrate. 


TABLE I 


PROPERTIES OF MOLTEN SILVER NITRATE 











t, ke; A, AU, 
temp. °C. sp. cond. equiv. cond. act. energy 

210 (0.660) | 28. 34 
220 0.706 30.39 3250 
230 0.751 | 32.41 3150 
240 0.796 | 34. 44 3070 
250 0.840 36. 44 2950 
260 0. 883 38. 40 2890 
270 0. 926 40.37 2840 
280 0.968 42.31 2800 
290 1.010 44.26 2760 
300 1.051 46.18 2710 
310 1.092 48.10 2710 
320 1.133 50. 04 2690 
330 1.173 51.94 





Note: Density, gm./cc. = 4.16; — 1.00 X 105 t. 
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TABLE II 


PROPERTIES OF MOLTEN SILVER CHLORIDE 
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log A = 2.4339 — 1278/(4.576 T). 


TABLE Ill 


SPECIFIC CONDUCTIVITY OF SILVER CHLORIDE — SILVER NITRATE MELTS 








Mole % silver chloride 





10. 49 | 14.48 | 17.87 22. 87 
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TABLE IV 


SOME PROPERTIES OF SILVER CHLORIDE — SILVER NITRATE MELTS 








| 
| Energy of 


Mole % Density, d (gm./cc.) Equiv. cond., A | activ., AU 


silver ; 
chloride | ] 

| 310° | = 320° | 330° | 

0. 3857 0.3847 | 0.3837 | 

0.3932 | 0.3922 | 0.3912 | | 

0.3969 0.3959 | 0.3949 f a: | 

| 





320° 








2690 





0. 3987 0.3977 | 0.3967 
0. 4028 0.4018 0. 4008 
0.4121 0.4111 | 0.4101 
0. 4218 0. 4209 0. 4200 
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The conductivity data for silver nitrate are in agreement with those of 
Goodwin and Mailey (5), except at the lower temperatures. The density 
data agree very well with those of Goodwin and Mailey, and both sets are at 
variance with those reported by Jaeger (6). Data reported for silver chloride 
melts have been inconsistent (1, 9, 11). 


Discussion 


Frenkel (4) has suggested that in a unary melt the smaller ion (usually the 
cation) bears the electrical charge through the melt, while the larger ion 
accounts for the viscosity, and he has extended these ideas to binary melts 
with a common ion. Pauling (12) gives the radius of silver ion as 1.26 A, 
that of chloride ion as 1.81 A, and the N-O distance in nitrate ion as 1.21 A. 
These data and Frenkel’s assumption lead to the belief that silver ion is the 
carrier of charge in silver nitrate and silver chloride, and in binary melts of 
the two. 


From the simple electrodynamic theory for the transfer of charge through 
a unary melt the specific conductivity, k, of the melt is given by the relation 
k = 96500 (uw + v) c, in which uw and v are the mobilities of the cation and 
anion, respectively, in cm.” sec.~! v.~', and ¢ is the concentration of the melt in 
equivalents cm.~* By Frenkel’s assumption this expression would be reduced 
to k = 96500 wu c for silver nitrate and silver chloride. In order to dispose of 
the concentration term, the equivalent conductivity, A, can be used and the 
relation expressed: 


A = k/c = 96500 u. (1) 


Values of the equivalent conductivity for the pure silver salts and their binary 
melts are given in Tables I, II, and IV. 


From Eq. 1 variations in A should be attributed to proportional variations 
inu. In Frenkel’s theory it is assumed that u can be expressed as a function 
of the temperature in terms of the Arrhenius equation (v. Ref. 3) 


u = A.exp(— AU/RT) (2) 


in which A is constant and AU is the activation energy for the migration process 
in calories mole!, R = 1.987 cal. mole deg.~!, and T is the Kelvin tempera- 
ture. It is assumed that AU will depend on the nature of the ions present. 
For the binary melt with the common ion smallest it is assumed that the 
activation energy depends in a simple way on the mole fraction composition 
of the melt: 


AU = AU,N, + AU2N2 = constant + constant’ Ne. (3) 


A plot of log A against 1/T for silver chloride yields a straight line having 
the equation given in Table II. Thus there is no variation of the energy of 
activation from 460 to 530°. On the other hand, the corresponding plot for 
silver nitrate is a bent curve, such that the activation energy decreases as the 
temperature of the melt is increased, as shown in Fig. 3. This evidence 
suggests that the structure of the solid, which lessens the mobility, persists in 
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Fic. 3. Activation energy for conductivity in silver nitrate. 
O Present work; + Calculated from data of Goodwin and Mailey. 
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molten silver nitrate above the melting point, but fades rapidly as the tempera- 
ture is increased; the activation energy appears to be near its steady value at 
320°C. Silver chloride conducts quite well in the solid condition (10, 13), 
whereas silver nitrate does not. A simple interpretation of the foregoing 
results is that the silver chloride undergoes a much smaller change in structure 
during the process of liquefaction than does the silver nitrate; this is in agree- 
ment with the idea that solid silver chloride has greater lattice defects than 
solid silver nitrate. 


Values of the equivalent conductivity for various concentrations of the 
binary melt are given in Table 1V, along with energies of activation calculated 
for 320°C. This temperature was chosen as high as permitted by the data in 
order to avoid complications due to variations of the energy of activation 
with the temperature. The change of the energy of activation with change 
in composition of the melt is shown in Fig. 4. It must be realized that a 
variation of 0.001 in the specific conductivity over a range of 20° will cause a 
variation of about 70 cal. mole in the energy of activation calculated. ° 
Nevertheless, Fig. 4 makes it clear that Eq. 3 is not sustained by the findings 
for this system. Barzakovsky (2) found agreement for the system silver 
chloride — silver bromide; these two salts would, of course, be expected to be 
more similar in behavior than the chloride and nitrate. 
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Fic. 4. Activation energy in binary melts at 320°C. (for pure silver chloride from 460 to 530°C.) 
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THE REACTION OF DIOXANE WITH HYDROGEN BROMIDE! 
By A. B. VAN CLEAVE AND R. I. BLAKE? 


Abstract 


Dioxane reacted slowly at room temperature with anhydrous, bromine free 
hydrogen bromide to form 2, 2’-dibromodiethyl ether as a principal product. 
The 2, 2’-dibromodiethyl ether was characterized by comparison with a known 
sample, analysis, molecular weight determination, and by conversion to divinyl 
ether which was subsequently brominated to yield 1, 1’, 2, 2’-tetrabromodiethyl 
ether. When refluxed with constant boiling hydrobromic acid 2, 2’-dibromodi- 
ethyl ether was partially converted to ethylene dibromide. An intermediate 
compound in the formation of 2, 2’-dibromodiethyl ether from dioxane and 
hydrogen bromide was isolated by solvent extraction using petroleum ether. 
Its properties indicated that it was probably an oxonium salt. 


Introduction 


In studying the kinetics of the hydrolysis of cyanogen halides in dioxane 
solution (7), it was found that solutions of anhydrous hydrogen bromide in 
dioxane showed a steady disappearance of hydrogen bromide with time. A 
survey of the literature revealed that no work on the reaction of dioxane with 
hydrogen bromide had been reported; consequently, the present work was 
undertaken to establish the nature of the products formed. 


Paterno and Spallino (6) reacted bromine and iodine with dioxane and 
obtained addition products (C2H,O).Bre and (C2H.O)ele. They also studied 
the reaction between dioxane and hydrogen iodide in sealed tubes at 140°C., 
and identified iodine, acetic acid, and ethyl iodide among the products. They 
concluded that dioxane behaved in a manner similar to compounds containing 
a double bond, and that it conforms in some ways to the character of com- 
pounds containing basic oxygen. 


The present investigation has shown that 1,4-dioxane reacts slowly with 
anhydrous hydrogen bromide at 25°C. and that the principal product isolated 
on fractional distillation was a high boiling point liquid with characteristics 
resembling those reported for 2, 2’-dibromodiethyl ether by McCusker and 
Kroeger (5). A sample of this ether was prepared by treating diethylene glycol 
dissolved in pyridine with phosphorus tribromide as described by Ali-Zade 
and Arbuzov (4). The product isolated from the dioxane - hydrogen bromide 
reaction was characterized as 2, 2’-dibromodiethyl ether by analysis, molecular 
weight determination, and by conversion to divinyl ether which was subse- 
quently brominated to yield symmetrical tetrabromoethy] ether. 


One might expect to obtain some ethylene dibromide when dioxane is treated 
with hydrogen bromide. Starting with anhydrous hydrogen bromide no evi- 


1 Manuscript received June 11, 1951. 
Contribution from the Department of Chemistry, University of Saskatchewan, Saskatoon, 
Sask., with financial assistance from the Defence Research Board of Canada. Presented at the 
Annual Conference of the Chemical Institute of Canada, Winnipeg, June, 1951. 
2 Present address: Consolidated Mining and Smelting Co., Ltd., Trail, B.C. 
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dence for the formation of ethylene dibromide was obtained. However, when 
a sample of 2, 2’-dibromodiethyl ether was refluxed with constant boiling 
hydrobromic acid it was partially converted to ethylene dibromide. 


What appeared to be an intermediate compound in the formation of 2, 2’- 
dibromodiethyl ether from dioxane and hydrogen bromide was isolated by 
solvent extraction with petroleum ether. This product was a brown colored 
liquid freezing below —79°C. It was water soluble and possessed acidic pro- 
perties. On neutralization with alkali it yielded a light colored precipitate which 
was not identified. The brown colored liquid was unstable and when an attempt 
was made to purify it by fractional crystallization it appeared to decompose 
into dioxane and hydrogen bromide. When some of it was refluxed for a time 
it was possible to isolate some 2, 2’-dibromodiethyl ether from the mixture. It 
was presumed that the intermediate compound was an oxonium salt similar 
to that known to be formed between dioxane and sulphuric acid (6). The yield 
of the supposed oxonium compound was found to be considerably greater 
when anhydrous, bromine free hydrogen bromide was bubbled into refluxing 
dioxane at 101°C. than was obtained on prolonged contact of hydrogen bromide 
with dioxane at room temperature. 


Experimental 
Materials 


1,4-Dioxane, Eastman Kodak, practical grade, stabilized with p-benzyl- 
aminophenol was purified by the method of Fieser (2). 


Anhydrous, bromine free hydrogen bromide was prepared by admitting 
liquid bromine to a reaction flask containing red phosphorus and water. The 
gas was passed through a solution of phenol in carbon tetrachloride, a cold 
trap at —55°C., a tube filled with glass beads coated with red phosphorus, 
and finally through drying tubes containing calcium chloride and calcium 
bromide. 


Solutions of hydrogen bromide in dioxane were prepared by bubbling the 
hydrogen bromide into 400 ml. of dioxane through a sintered glass disk until 
the mixture was approximately 1 N. 


The Rate of Disappearance of Hydrogen Bromide in Dioxane Solution 


The progress of the reaction between dioxane and hydrogen bromide at 25°C. 
was followed for one month by daily removal of 1.0 ml. samples which were 
diluted with 10 ml. of water and titrated with standard potassium hydroxide 
using methyl red as an indicator. A solution with an initial normality of 0.821 
showed a decrease in normality to 0.301 in 30 days. Packing the reaction vessel 
with Pyrex glass wool did not affect the reaction rate. Another solution with 
an initial normality of 0.875 showed a decrease to 0.209 in seven months on 
standing at room temperature. The rate of the reaction was not linear but was 
greater in the initial stages, that is, during the first few days at 25°C. 
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Isolation and Identification of 2, 2’-Dibromodiethyl Ether 

2, 2’-Dibromodiethyl ether was first isolated from a dioxane — hydrogen 
bromide mixture that had been maintained at 25°C. for one month. This mix- 
ture was fractionally distilled at atmospheric pressure into fractions boiling 
above and below 105°C. After repeated distillations to remove dioxane these 
fractions boiled above 110°C. and below 92°C., respectively. Further inves- 
tigation showed the lower boiling fraction to be largely a mixture of dioxane 
and water. 


The portion boiling above 110°C. was distilled under reduced pressure and 
a fraction boiling between 94° and 101°C. at 13 mm. was taken, washed with 
water, dried over anhydrous sodium sulphate, and redistilled to give a fraction 
boiling from 90°-94°C. at 9 mm. This material was fractionated in a packed 
column at 1 mm. pressure, the middle fraction being retained for subsequent 
work. 

It was later found that the same material could be isolated by solvent ex- 
traction from a dioxane — hydrogen bromine mixture that had been allowed to 
stand for several months at room temperature. The reaction mixture was 
neutralized with sodium bicarbonate, then petroleum ether and water were 
added to form a double layer. The solvent layer was separated and distilled 
yielding a residue boiling above 110°C. (atm. press.). This residue was washed 
with water and dried over sodium sulphate. The maximum yield of 2, 2’- 
dibromodiethyl ether obtained in this way was 38.7% based on the amount 
of hydrogen bromide that was no longer titratable in the original mixture. 
The low yield was probably mainly due to inefficient recovery but it is pos- 
sible that some other bromine containing compounds were formed and not 
isolated. 


2, 2’-Dibromodiethy] ether was first characterized as a reaction product by 
analysis. Carbon and hydrogen were determined by standard micro procedure* 
and bromine by a modified micro Carius method. Considerable difficulty was - 
experienced with the latter as the sealed tubes invariably exploded unless the 
amount of nitric acid used was reduced to somewhat less than 0.30 ml. for 10 
mgm. samples. The results of the analyses are shown in Table I. 

TABLE I 
ANALYSES OF REACTION PRODUCT 








% Carbon | % Hydrogen | % Bromine 
Sample 1 | 22.37 69.55 
Sample 2 | ; 65.65 
Sample 3 66.25 


Mean 67.15 
Theoretical for 
2, 2’-dibromodiethyl ether | | : | 68.93 








* The authors are indebted to Dr. R. U. Lemieux and Miss Carol Brice of the Prairie Regional 
Laboratory of the National Research Council for carbon-hydrogen analyses. 
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The molecular weights of the reaction product and of 2, 2’-dibromodiethy1 
ether prepared by the method of Ali-Zade and Arbuzov (1) were determined by 
the Beckman cryoscopic method using benzene as the solvent. The cyroscopic 
constant for benzene was determined using twice recrystallized naphthalene at 
several concentrations and extrapolating to infinite dilution. A similar pro- 
cedure was employed in obtaining corrected freezing point depressions for the 
unknowns. The known sample of 2, 2’-dibromodiethyl ether was found to have 
a molecular weight of 231.5 (theoretical 232) whereas the product isolated from 
the dioxane—hydrogen bromide reaction had a molecular weight of 225. This 
result was taken to indicate that there was still a small percentage of lower 
molecular weight material contaminating the product; probably some £- 
bromoethy! ether of ethylene glycol (BrCH»2-CH»2-O-CH2-CH>:-OH, mol. wt. 
169) the boiling point of which is very close to that of 2, 2’-dibromodiethy] ether. 


Derivatives of 2, 2'-Dibromodiethyl Ether 


Divinyl ether was prepared from the reaction product by the method used 
by Hibbert et a/. (4) for dichlorodiethyl ether. Thirty-five grams of 2, 2’- 
dibromodiethyl ether, isolated from the reaction, were slowly dropped into 
molten potassium hydroxide in a copper pot over the course.of two hours. 
The copper pot was provided with a reflux condenser at 40°C. to permit the 
escape of divinyl ether but not of intermediate or unreacted products. A 
second condenser connected to the first was maintained at 6°C. The refluxing 


was continued for three hours yielding 2.6 gm. (24%) of a product boiling at 
34.5° to 35.5°C. The reported boiling point for divinyl ether is 34°-35°C. (4). 


The same experiment was repeated using alcoholic potassium hydroxide but 
no divinyl ether was obtained. 


One gram of divinyl ether prepared as indicated above was dissolved in 
chloroform and a bromine-chloroform solution was slowly added, the reaction 
flask being immersed in ice. On evaporation of the solvent a crystalline product 
was obtained. After recrystallization from ether this product melted at 63°C. 
and analysis showed it to contain 12.36% carbon and 1.64% hydrogen. The 
reported melting point for 1, 1’, 2, 2’-tetrabromodiethyl ether is 63°-64°C. 
(4) and the theoretical carbon is 12.33% and hydrogen 1.55%. 


From the above evidence it was concluded that the product which had been 
isolated from the dioxane - hydrogen bromide mixture was fairly pure 2, 2’- 
dibromodiethy] ether. 


Cleavage of 2, 2'-Dibromodiethyl Ether 

2, 2’-Dibromodiethy] ether (4.58 gm.) isolated from the dioxane — hydrogen 
bromide reaction was refluxed with constant boiling hydrobromic acid (50 ml.) 
for several hours. The excess acid was neutralized with sodium bicarbonate and 
the mixture extracted with ether. The ether layer was washed with water, 
dilute sulphuric acid, 10% sodium bicarbonate solution, and then with water 
again. The extract was dried over sodium sulphate and on fractional distil- 
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lation yielded 4.1 gm. of a product b.p. 130°-131°C., m.p. 10.0°C. The reported 
values for ethylene dibromide are b.p. 131.6°C., m.p. 9.97°C. (3). The product 
was therefore identified as ethylene dibromide. 


Evidence for the Fermation of an Oxonium Compound 


Anhydrous, bromine free hydrogen bromide was bubbled into 200 ml. of 
refluxing dioxane at 101°C. The solution changed from colorless to dark brown 
and its normality was observed to be 0.214 on titration against standard alkali. 
Petroleum ether was added to the mixture to bring about separation into two 
layers. The lower dark brown colored layer (13.6 ml.) was separated off for 
further tests. This material had an odor resembling that of hydrogen bromide, 
was practically all soluble in water, and had a normality of 2.39 as an acid. When 
a similar procedure to that outlined above was applied to 200 ml. of dioxane — 
hydrogen bromide solution that had been standing for several months at room 
temperature (normality decrease 0.875 to 0.209), only 1.6 ml. of the dark brown 
colored lower layer having a normality of 2.89 was obtained. 


In all cases when portions of the brown colored material were neutralized 
_with sodium hydroxide a light colored precipitate formed. Unfortunately, time 
did not permit the identification of this solid. 


An attempt was made to purify the brown colored liquid by fractional 
freezing. The material which crystallized out appeared to be mainly dioxane, 


and eventually a fraction which would not freeze in a dry ice — acetone bath 
was obtained; 2.4 gm. of this partially purified material was refluxed for three 
hours in an atmosphere of nitrogen, then washed with water, dried over sodium 
sulphate, and fractionally distilled to yield about 0.7 gm. of 2, 2’-dibromo- 
diethyl ether. 


It was concluded that in all probability the brown colored liquid was an 
oxonium salt of dioxane and hydrogen bromide of limited stability. It may 
decompose to dioxane and hydrogen bromide, or it may undergo cleavage and 
subsequent reaction to give 2, 2’-dibromodiethyl ether. It appeared almost 
certain to be an intermediate compound in the formation of the latter from 
dioxane and hydrogen bromide. 
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SOLVENT EFFECT ON IODIDE EXCHANGE! 
By R. D. HEYDING AND C. A. WINKLER 


Abstract 


The exchange of iodine between hydrogen iodide and n-butyl iodide has been 
studied in several organic solvents. In solvents of high dielectric constant 
(methanol, ethanol, -butanol), exchange occurred by reaction of iodide ions 
with butyl iodide. In solvents of low dielectric constant (m-hexanol, n-dode- 
canol, acetic acid), it appeared that exchange also occurred between butyl iodide 
and the associated IHI- triple ion. Orders of magnitude of the individual 
specific rate constants have been calculated, using approximate values for the 
dissociation constants of hydrogen iodide. The rate constant — dielectric con- 
stant relation developed by Laidler and Eyring for ion-neutral molecule re- 
actions appears to hold for exchange in homologous solvents, but does not seem 
to represent the effect of nonhomologous solvents. This discrepancy and the 
small differences observed in activation energies for the various exchanges may 
be due to solvation effects. 


Introduction 


It has been found that thermal exchange of halogens between alkyl! halides 
and uni-univalent inorganic halides occurs only in the presence of polar sol- 
vents (6, 7, 11, 12, 13). The variations in reaction velocity with concentration 
in the exchange of lithium bromide with alkyl bromides in acetone, and of 
sodium iodide with alkyl iodides in methanol, have been quantitatively related 
to the degree of dissociation of these inorganic halides (2). Recently, it has 
been shown that lithium, sodium, and caesium iodides, which are highly 
ionized in acetonitrile, have essentially the same rates and activation energies 
for exchange with m-buty] iodide in this solvent (5). There seems little doubt, 
therefore, that exchange reactions of this type occur between the neutral 
organic halide and an ion supplied by the inorganic halide. 


For reactions between ions and neutral molecules, Laidler and Eyring have 
proposed that an increase in the dielectric constant of the solvent should 
decrease the reaction velocity (8). In the present study, the validity of this 
theoretical conclusion was investigated by comparison of the rates of exchange 
of iodine between hydrogen iodide and n-butyl! iodide in several pure organic 
solvents. 


Experimental and Results 


Preparation and Dielectric Constants of the Solvents 

Since hydrogen iodide is a strong reducing agent and reacts with many 
common organic solvents, the investigation was limited to hydrocarbons, 
aliphatic alcohols, and carboxylic acids. The solvents used were toluene, meth- 
anol, ethanol, m-butanol, m-hexanol, n-dodecanol, and glacial acetic acid. The 
specifications and preparation of these solvents are given below. 


1 Manuscript received June 5, 1951. 
Contribution from the Physical Chemistry Laboratory, McGili University, Montreal, Que., 
with financial assistance from the National Research Council of Canada. 
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Toluene: Reagent grade; dried by distillation from sodium. ~ Boiling point 
110.5°-110.8°C. 

Methanol: Reagent grade, acetone free; dried with magnesium methylate. 
Boiling point 64.5°-64.7°C. 

Ethanol: Industrial absolute; impurities reduced with zinc and potassium 
hydroxide; dried with magnesium ethylate. Boiling point 78.3°C. 

n-Butanol: Boiling point 117.2°-117.5°C. 

n-Hexanol: Boiling point 156°-157°C. 

n-Dodecanol: Technical grade; distilled under vacuum discarding first 25% 
and last 15%. Redistilled under nitrogen, fraction boiling between 160°- 
162°C. at 30 mm. retained. Melting point 21°C. 

Acetic acid: Reagent grade; boiling point 116.5°-116.7°C., melting point 
16.2°C. No attempt was made to remove the trace of moisture. 

The solvents were refluxed with nitrogen and subsequently stored and 
handled under this inert gas to prevent oxidation of hydrogen iodide by dis- 
solved oxygen. 

The dielectric constants at 100 kilocycles and 25°C. for ethanol, butanol, 
hexanol, dodecanol, and acetic acid were determined by the substitution 
method using a General Radio Co. T-716c capacitance bridge. These values, 
together with the dielectric constants reported in the literature for acetonitrile, 
methanol, and ethanol, are given in Table I. 

TABLE I 


DIELECTRIC CONSTANTS AT 100 KILOCYCLES AND 25°C. 








| 
Solvent | D D | Ref. 





(exp.) (lit.) 

Acetonitrile 36.7 | (9) 
Methanol 32.66 | (1) 
Ethanol 24.2 | 24.26 | (9) 
n-Butanol 17.3 
n-Hexanol 12.8 | | 
n-Dodecanol | 6.15 

Acetic acid 6. 27 





Conductance Measurements 

Conductance experiments were made on solutions of hydrogen iodide in the 
various solvents, using a conductivity cell designed for solutions of high re- 
sistance, and an Industrial Instruments Inc., Model RC-1, conductivity bridge. 
All measurements were made at 25°C. Fig. 1 shows that while the equivalent 
conductance in the lower alcohols decreased with increasing electrolyte con- 
centration in the normal manner, the equivalent conductance in hexanol, dode- 
canol, and acetic acid passed through a minimum value. Minima in conduc- 
tance curves have been explained by Fuoss and Kraus on the basis of triple ion 
formation (3). Hence it would appear that the HIH* and IHI™ ions were 
formed to an appreciable extent in these solvents. 
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Fic. 1. Equivalent conductance of hydrogen iodide as a function of the concentration in solvents 
of various dielectric constants. 


Methanol D. n-Hexanol 
B. Ethanol E. Acetic acid 
C. n-Butanol F. n-Dodecanol 


Exchange Experiments 


Radioactive iodine, I'*!, was obtained as carrier-free sodium iodide from the 
National Research Council Atomic Energy Project, Chalk River. 


n-Butyl iodide was shaken with mercury to remove traces of free iodine, and 
freshly distilled as required to avoid the recurrence of iodine due to decom- 
position. A fraction boiling at 129.8°-130°C. was taken for the kinetic studies. 


Hydrogen iodide was prepared by dropwise addition of water to 20 parts of 
iodine and one of red phosphorus (14). The gas evolved was purified by passing 
it through red phosphorus and two cold traps, the first at 0°C. and the second 
at —35°C., slightly above the boiling point of hydrogen iodide. The product 
was recovered in a storage trap cooled by a mixture of dry ice and acetone. 
The product was pure white and had a melting point of —51°C. 


To prepare active hydrogen iodide, a suitable quantity of aqueous Nal!*! 
was evaporated to dryness in the storage trap prior to the generation of 
hydrogen iodide. The hydrogen iodide subsequently collected was liquefied 
and exchanged with the sodium iodide. It was found that the exchange was 
essentially complete in one to two hours at —45°C. 


Stock solutions were prepared by distillation of hydrogen iodide from the 
storage trap into the various solvents, discarding the first and last 15% of the 
product in the trap. The concentration of the stock solution was determined 
by titration with standard silver nitrate solution, using eosin as an indicator. 
Although these stock solutions were stored in the dark under nitrogen, their 
slow decomposition was made evident by the pink color of free iodine, formed 
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by the reaction of hydrogen iodide with traces of dissolved oxygen and other 
oxidizing impurities in the solvents. The degree of decomposition was estimated 
by colorimetric comparison with solutions of iodine in the same solvent. De- 
composition of 0.5% of the hydrogen iodide was tolerated.! 


The exchange reactions were initiated by mixing solutions of active hydrogen 
iodide and inactive butyl iodide, each of appropriate concentration and pre- 
viously brought to the temperature in the thermostat. The reactions were 
conducted in Erlenmeyer flasks in an atmosphere of nitrogen, with the excep- 
tion of the experiments in toluene and acetic acid for which sealed tubes were 
employed. Light was excluded from the reaction flasks to preclude the pos- 
sibility of exchange by a photochemical mechanism. Because of the appreciable 
loss of hydrogen iodide by oxidation in dilute solutions, the experiments were 
limited to hydrogen iodide concentrations greater than 0.01 M. 


At suitable intervals, samples were withdrawn with a rapid-delivery pipette, 
and the reaction quenched by separation of the reactants by benzene—water 
extraction. The exchange was followed by determining the decrease in activity 
of the hydrogen iodide with time. The halide was precipitated with silver 
nitrate solution and the silver iodide prepared for counting by the procedure 
outlined by Hodgson, Evans, and Winkler (5). Specific activities were deter- 


mined with end-window Geiger tubes, using an Atomic Instrument Co. scaler, 
Model 101A. 


In addition to the zero time sample removed when the reactants were mixed, 
the activity of the stock hydrogen iodide solutions was determined. Wherever 
possible, duplicate counting slides were prepared for all samples. The precision 
of duplicate counting analysis was normally better than one per cent and in- 
variably better than two per cent. 


Attempts were made to follow the exchange of hydrogen iodide with sodium 
iodide in hexanol. To separate the reactants, hydrogen peroxide was added to 
the water—benzene mixture to oxidize the hydrogen iodide to iodine and permit. 
its removal in the benzene layer. As a control to this separation, the exchange 
of iodine with sodium iodide in hexanol was also investigated. These exchange 
reactions were essentially complete in the time required to separate the 
reactants. 


The kinetics of exchange of hydrogen iodide with butyl iodide in the various 
_solvents were most accurately expressed by the second order rate equation 
(5, 13) 
= 1 In 1 
(ao + b)t l-—o 

where, is the experimental rate constant in liters per mole per hour, 

do is the total hydrogen iodide concentration, 

b is the butyl iodide concentration, and 

o is the degree of exchange. 





1Stock solutions were discarded when three to four days old. In this time interval, the conductance 
and rates of exchange were independent of the age of the solution, showing the reaction of hydrogen 
iodide with the solvent to be insignificant. 
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In these experiments, the degree of exchange was determined by the relation 

_Ap— At 

Ay = Mes 

where Ay and A; are the specific activities at zero time and at time ¢ respec- 

tively, and Aq, the specific activity of the hydrogen iodide at theoretically 
complete exchange, was given by 


, 


es... 
(ao + 6) 


In toluene, o had the value of 4.0 after 163 hr. at 48.6°C., corresponding to 
k. <4 X 10741. mole hr.~'. Table II summarizes the data obtained for ex- 
change in the alcohols and in acetic acid. The value of k, recorded for given 
experimental conditions is the average of the individual values calculated for 
different reaction times. The mean deviation of the individual values of k, 
from the average was generally less than +3%. The uncertainty in the experi- 
mental rate constant for exchange in acetic acid supercooled to 0°C. was +10% 
owing to the small degree of exchange observed in this experiment. 

TABLE II 


EXCHANGE OF HYDROGEN IODIDE WITH ”-BUTYL IODIDE 
IN VARIOUS SOLVENTS 


0- 


Temp., Concentration of Concentration of Ro, 
a oe hydrogen iodide, n-butyl iodide, 1. mole7!-hr.~! 
moles liters™ moles liters! 





ma 





.0751 .€ . 00874 
. 0563 , . 162 

. 0409 . 45! .525 

. 107 : . 480 
.0751 0. .49 


Ethanol 








. 0539 . 500 
. 0098 . 600 
. 0290 . 334 
. 0342 . 600 
. 0866 . 200 
. 103 . 600 
. 168 . 600 
. 244 . 600 
. 335 . 600 
. 0268 . 100 
. 0356 . 267 
. 0356 ). 133 





n-Butanol 
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TABLE II—Concluded 





Temp., | Concentration of Concentration of ke 
a ol hydrogen iodide, n-butyl iodide, 1. mole -hr.~ 
moles liters moles liters 





n-Hexanol 





B88 


cooocoooooco 
ecoosssssss 
Preosooo: 





n-Dodecanol 








0 1.00 
0 1.00 
0 1.00 
0 1.00 
0 0. 333 
0 1.00 
0 1.00 
0 1.00 





Acetic Acid 





idl lt Hak al See ea. hah ay 
Brssssesss 


Ou 














Discussion 


Since hydrogen iodide may be regarded as essentially undissociated in 
toluene, the exchange of molecular hydrogen iodide with molecular n-butyl 
iodide is apparently at least a thousand times slower than the rate of iodide 
ion exchange in the more polar solvents. Hence the contribution of the mole- 
cular mechanism to exchange in the polar solvents may be regarded as insigni- 
ficant. The experimental rate constants for exchange in methanol, ethanol, 
and butanol were found to decrease with increasing hydrogen iodide concen- 
tration, while in hexanol, dodecanol, and acetic acid, the opposite concen- 
tration effect was observed. The reaction mechanism in the latter solvents will 
be considered separately. 
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Exchange in Methanol, Ethanol, and n-Butanol 
The exchange of hydrogen iodide with butyl iodide via the iodide ion may 
be represented by the equations 
HI*+ 1- = I + HI, (1) 
Bul + I**= I-_ + Bul’. (2) 


Since the exchange of hydrogen iodide with sodium iodide in hexanol was 
too rapid to be followed experimentally, it may be assumed that the inorganic 
exchange (Reaction 1) is comparatively rapid and essentially complete at all 
times. The exchange of iodide ion with the organic halide is then the rate 
controlling step. 


If a is the concentration of hydrogen iodide, i.e. the associated ion pairs, 
6 the concentration of butyl iodide, 
2 the concentration of iodide ion, 
c the initial concentration of active hydrogen iodide, 
y the concentration of active iodide ion at time ¢, and 
x the concentration of active butyl iodide at time f, 
then the rate of formation of active butyl iodide is given by 
= kn(by — ix), 
dt 


where k; is the specific rate constant for this reaction. Since Reaction (1) is 
assumed to be complete at all times, 


é ma 
ao 

where dp is the total hydrogen iodide concentration. 

Substituting for y and rearranging 


wi oat. 
b(c — x) — aux ao 





The experimental second order rate constant, k,, represents the over-all 
reaction between hydrogen iodide and butyl iodide and is given by the differ- 
ential equation 


dx 


b(c — x) — aox 


= kat. 





It is immediately evident that the true rate constant, k;, and the experi- 
mental rate constants are related by the expression 


1 
kg = —hkhi. 
ao 


The factor 7/ao, the degree of dissociation of the electrolyte, may be expected 
to decrease with increasing hydrogen iodide concentration and result in a 
decrease in the observed specific rate constant. This is consistent with the 
experimental evidence. 
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Exchange in n-Hexanol, n-Dodecanol, and Acetic Acid 

The experimental rate constants for exchange in these solvents were observed 
to increase with increasing hydrogen iodide concentration. It is significant 
that the conductance experiments indicated the presence of triple ions as well 
as simple ions in these solvents. Accordingly, the possibility of exchange by 
the reaction of the triple ions with the organic halide must be considered. 


Since the exchange of butyl iodide with the associated ion pair, H*I~, was 
found to be negligibly slow, it seems reasonable to suppose that exchange with 
the positive triple ion, HIH™*, is also insignificant. Exchange via the negative 
triple ion may be represented by 


HI* + IHI- = IHI* + HI, (3) 
Bul + IHI*-= IHI- + Bul*. (4) 


Again it can be assumed that the inorganic exchange (Reaction 3) is com- 
paratively rapid. The rate of formation of active butyl iodide will be given by 


- = k3(sb — 2xj), 
‘where 7 is the concentration of hydrogen diiodide, z is the concentration of 
active triple ion at time ¢, and k; is the specific rate constant for triple ion 
exchange. The factor 2 in this equation represents the fact that while every 
exchange of active butyl iodide with inactive triple ion will result in a transfer 
of active iodine, there is only a 50% probability that such a transfer will occur 
when an active triple ion exchanges with inactive butyl iodide. 


Since Reaction (3) is regarded as complete at all times, 
c—x 


ao 


dx — 
= k3. 
b(c — x) — ax ao 





When simple ions as well as triple ions are present, exchange will proceed by 
Reactions (2) and (4) simultaneously, and the experimental rate constant will 
be the sum of the terms in the individual rate constants for these reactions: 


ke = (i/ao)Rki + (2j/ao)ks . 
For the equilibria existing between inorganic species in these solvents, 
HI = Ht + I~ 
HIH*+ = HI + Ht 
IHI- = HI + 1I- 
let a be the concentration of undissociated HI; h and 7, the simple hydrogen 
and iodide ions; and j and /, the IHI~ and HIH* triple ions. The dissociation 
constants for these equilibria are 
K = hi/a, K2= ha/I, K3= 1a/j. 
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Hydrogen and iodine balances yield the equation 

t=h+l1—-y, 
in which the concentrations h, /, and j may be replaced by terms in a, 7, and the 
equilibrium constants, and rearranged to give 


j- | Ka Cake) 
(1 _ a/K3) 


Similarly, since j = ai/K3, 
j= a | Ka (i + ¢/Ks) 73 Ba] ‘ 
K3 (1 + a K3) 


If it is assumed that the dissociation of hydrogen iodide is small, the term a 
may be replaced by do, the total hydrogen iodide concentration, and substi- 
tution for 7 and j in the experimental rate constant expression yields 


bom (CS) Bee! Jee 
ao K3 (1 + ao/Ks) 


Finally, if it is assumed that the triple ions are formed to the same extent, i.e. 
if Ke and K3 are equal, the last term vanishes and this equation reduces to 
one of the form 





ke = A/ai + Bai, 
where A = K*k,, and B = 2K°k;/K;. 


This equation implies that above some concentration, depending on the 
relative magnitudes of A and B, the second term on the right hand side will 
become greater than the first, and the experimental rate constant may be 
expected to increase with increasing hydrogen iodide concentration. By multi- 
plying this expression by a}, 

atk, = A + Bao, 
it is evident that if this mechanism is correct, a plot of aik. versus ao should 
result in a straight line of slope equal to B and an intercept on the ordinate 
equal to A. The plots representing exchange in hexanol and dodecanol are 
given in Fig. 2, and for exchange in acetic acid, in Fig. 3. 

Linear relations are obtained for exchange in dodecanol and acetic acid at 
low hydrogen concentrations, but at higher concentrations a decrease in slope 
is apparent. In deriving this expression, it was assumed that Ke arid Ks; are 
equal. If, however, contrary to this assumption, negative triple ions have a 
greater tendency to form than positive triple ions, the omission of the term in 
these dissociation constants is not valid. Accordingly, if Ke is slightly greater 
than K3, a decrease in slope at higher concentrations is to be expected. 


The assumption that the concentration of associated ion pairs is equal to 
the total hydrogen iodide concentration will become less valid as the con- 
centration decreases. Moreover, the larger the dissociation constant, AK, the 
greater will be this error. Failure of the experimental points for exchange in 
hexanol to obey the linear relation at low concentrations may be attributed 
to the error introduced by this assumption. 
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Fic. 2. Application of triple ion mechanism to exchange in n-hexanol and n-dodecanol at 25°C. 
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Fic 3. Application of triple ion mechanism to exchange in acetic acid at 25°C. 


Estimation of Individual Rate Constants 


While it is not possible to separate the dissociation and rate constants for 
exchange in hexanol, dodecanol, and acetic acid by kinetic data alone, the true 
rate constant (k:) for exchange in the lower alcohols could theoretically be 
obtained by extrapolation to infinite dilution. Since these experiments were 
limited to concentrations greater than 0.01 M, extrapolation could not be 
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justified. However, the order of magnitude of the rate constants may be ob- 
tained using estimated dissociation constants. 


The conductance data reported by Goldschmidt and Dahl (4) have been 
used in obtaining dissociation constants of 0.015, 0.022, and 0.020 for HCl, 
HBr, and HI in ethanol (10). Ogston recorded a value of 0.118 for the dissocia- 
tion constant of HCl in methanol (15). In view of the similarity in the dis- 
sociation constants for the halogen acids in ethanol, it seems reasonable to 
assign a value of 0.1 to the dissociation constant of HI in methanol. 


When triple ions are formed, the conditions for minimum conductance are 
governed by the equations (3) 


r 
i 


K; = AS Am f KO. 
where A° and A$ represent the limiting conductance of the simple and triple 
ions respectively, and A,, and a, are the conductance and concentration at the 
minimum point. These equations have been used to estimate the dissociation 
constants of HI in hexanol, dodecanol, and acetic acid using the minimum 
values observed in the conductance experiments, and limiting conductances 
obtained with the aid of Walden’s rule. 


The best values of the ionic conductance of hydrogen and iodide ion in the 
Landolt-—Bornstein tables yield conductance—viscosity products of 119 and 103 
mho-poise per equivalent in methanol and ethanol. A constant of 100 mho- 
poise per equivalent was assumed for the higher alcohols and acetic acid. In 
estimating K;, it was assumed that the limiting conductance of the triple ions 
was half that of the simple ions. The results of these calculations are given in 
Table III. In view of the regular decrease in K in the alcohol series, a value 
of 1 X 107% may be assigned to the dissociation constant in butanol. 


Degrees of dissociation have been applied to the experimental rate con- 
stants to estimate the true rate constants (1) for exchange in methanol, 


TABLE III 


DISSOCIATION CONSTANTS OF HYDROGEN IODIDE IN VARIOUS SOLVENTS 
(A3/A° 








Solvent 








Methanol 
Ethanol 
n-Butanol 


{ 
one 


pet pee fd 


n-Hexanol 
n-Dodecanol 
Acetic acid 


| 
1m & 


| 
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ethanol, and butanol. The values of the dissociation constants together with 
the slopes (B) and the intercepts (A) (Figs. 2 and 3) were used to obtain orders 
of magnitude of the rate constants for simple and triple ion exchange in 
hexanol, dodecanol, and acetic acid. These values, and the specific rate con- 
stant for exchange of iodide ion with n-butyl iodide in acetonitrile recorded by 
Hodgson, Evans, and Winkler (5), are given in Table IV. 


TABLE IV 


SPECIFIC RATE CONSTANTS FOR THE EXCHANGE OF IODIDE ION AND HYDROGEN DIIODIDE ION 
WITH 4-BUTYL IODIDE IN VARIOUS SOLVENTS AT 25°C. 








ks, 
1. mole -hr. 


| 
Solvent | Dielectric ki, 
| constant 1. mole™-hr. 





Acetonitrile | 36. 10. 9* 
Methanol | 
Ethanol 
n-Butanol 7. 6.0 
n-Hexanol | 12. 6.7 


32. 0. 23 
24. 1.17 | 
| 
| 
| 


n-Dodecanol 6. | 8.0 


Acetic acid 6. LZ 





*Reference (5). 


Effect of Solvent on Rate Constant 


For the reaction of an ion with a neutral molecule, Laidler and Eyring have 
shown that the change in specific rate constant at infinite dilution with the 
dielectric constant of the medium is given by the equation (8) 


d(Inko) _ (ze)? k 2a | 
d(1/D) 2kTLr rd’ 

where 7 and r* are the radii of the ion and the reaction complex respectively. 

Since 7* will normally be greater than r, an increase in rate constant with 

decreasing dielectric constant is to be expected. 


Since it has not been possible to calculate the rates of exchange at infinite 
dilution, a rigorous test of this relation cannot be made. Nevertheless, quali- 
tative agreement is shown by the increase in k; with decreasing dielectric 
constant for the alcohol series (Table IV). Fig. 4 shows that a plot of the 
logarithm of the estimated specific rate constants in methanol, ethanol, and 
butanol versus the inverse of the dielectric constants results in an essentially. 
linear relation. However, the rate constarit for exchange in acetonitrile is con- 
siderably greater than would be expected in an alcohol of comparable dielectric 
constant. Similarly, the rate of exchange in acetic acid appears to be slower 
than the rate in dodecanol, although these solvents have essentially the same 
dielectric constant. Hence it would appear that the relation does not hold for 
exchange in nonhomologous solvents. The reason for this discrepancy is not clear, 
although it may be due, at least in part, to solvation effects. 
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Fic. 4.. Variation in specific rate constant with dielectric constant of the solvent. 


Effect of Temperature 


Table V summarizes the experimental activation energies (EZ,) and the non- 
exponential parameters of the Arrhenius equation for these exchange reactions. 
Although the activation energies have been determined at finite concentrations 
(0.05-0.1 MM HI), and therefore contain small energy terms associated with 
the dissociation constants, they may be assumed to be essentially equal to the 
true activation energies. Since exchange in acetic acid at concentrations greater 
than 0.1 M is almost completely due to the triple ion reaction, it would appear 
that the activation energies for simple and triple ion exchange are of the same 
order of magnitude. The small energy differences for simple ion exchange in 
acetonitrile, methanol, ethanol, and butanol are probably due to variation in 
the height of the solvation barrier. 


TABLE V 
ARRHENIUS PARAMETERS FOR THE EXCHANGE REACTIONS 











Solvent log A e 
| kcal. mole 

Acetonitrile 18. 1* 
Methanol 12.8 18.6 
Ethanol 14.0 19.5 
n-Butanol 14.0 19.4 
n-Hexanol } 13.2 18.4 

l 18.2 


Acetic acid 12. 





*Reference (5). 
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